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SUMMARY 

An experimental  program i s  conducted t o  i n v e s t i g a t e  the  a b i l i t y  of 
a p r e d i c t o r  t o  a i d  a human ope ra to r  i n  the  remote c o n t r o l  of a v e h i c l e  oper- 
a t i n g  wi th  a s i g n a l  t ransmiss ion  l ag .  

A s e r i e s  of t r ack ing  experiments i s  conducted wi th  an experimental  
An upper bound of  t r ack ing  performance i s  e s t ab l i shed  by d r i v i n g  vehic le .  

without a s i g n a l  t ransmiss ion  lag .  A lower bound i s  e s t ab l i shed  by d r i v i n g  
wi th  a s i g n a l  t ransmiss ion  l ag .  The a b i l i t y  t o  d r i v e  wi th  t h e  p r e d i c t o r  ccn 
be seen i n  r e l a t i o n  t o  these  upper and lower bounds. The r e s u l t s  of t h e  
t r ack ing  experiments show t h a t  t he  p r e d i c t o r  makes i t  poss ib l e  t o  d r i v e  
nea r ly  as w e l l  wi th  a s i g n a l  t ransmiss ion  l a g  as t o  d r i v e  a t  t h e  same speed 
without  a s i g n a l  t ransmiss ion  lag .  

I n  o rde r  t o  f r e e  t h e  d r i v e r  from having t o  follow a prepared l i n e  
o r  t r a c k ,  a maze i s  used t h a t  involves  open a r e a s  wi th  a s e r i e s  of l imi t ed  
ob jec t ives  i n  the  form of  g a t e s ,  o r  wicke ts .  The a b i l i t y  of t h e  p r e d i c t o r  
t o  a i d  the  human ope ra to r  i s  determined. The r e s u l t s  of t he  maze exper- 
iments show t h a t  t h e  p r e d i c t o r  i s  not  needed i n  open a r e a s  where no p r e c i s e  
con t ro l  i s  requi red .  The p r e d i c t o r  i s  needed i n  approaching and d r i v i n g  
through congested a reas .  Subjec t ive  r e a c t i o n s  of t h e  experiments are noted. 
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CHAPTER I 

INTRODUCTION 

A .  PROBUM STATEMENT 

The problem discussed  i n  t h i s  pape r  has t o  do wi th  the  e f f e c t s  
of s i g n a l  t ransmission l ag  on the human c o n t r o l  of robot  veh ic l e s  
using video feedback. The t a s k  i s  t o  i n v e s t i g a t e  ways f o r  negat ing 
the  adverse e f f e c t s  of s i g n a l  t ransmission l ags  on the  human opera- 
t o r  s o  t h a t  s i g n i f i c a n t l y  g r e a t e r  speeds can be maintained than is  
poss ib l e  without  t h i s  e f f o r t .  

B. OBJECTIVES 

The o b j e c t i v e s  of t h i s  work were t o  develop and t o  eva lua te  a 
device t h a t  w i l l  make i t  poss ib l e  t o  avoid the  de t r imen ta l  e f f e c t s  
of s i g n a l  t ransmiss ion  lag .  

The device t h a t  w a s  developed i s  c a l l e d  a p red ic to r .  A s  a 
p red ic to r  i t  a n t i c i p a t e s  the  f u t u r e  behavior of the robot  veh ic l e  
responding t o  the  s t e e r i n g  commands t h a t  w e r e  s e n t  by the human op- 
e r a t o r .  This a n t i c i p a t o r y  information i s  presented t o  the  human 
opera tor  i n  the  form of a marker superimposed on the  t e l e v i s i o n  p i c -  
t u r e  rece ived  from the veh ic l e .  The t e l e v i s i o n  p i c t u r e  from the  
robot  veh ic l e  shows the  landscape over which the v e h i c l e  w i l l  t r a v e l .  
The marker responds immediately t o  a l l  commands. It  c a r r i e s  out  
immediately a l l  maneuvers t h a t  the  t e l e v i s i o n  p i c t u r e  w i l l  show the  
v e h i c l e  ca r ry ing  out  some t i m e  l a t e r .  By d r i v i n g  the  marker, the  
human opera tor  imagines t h a t  he i s  d r i v i n g  without  a s i g n a l  t r ans -  
mission l ag ,  because t h e r e  i s  no de lay  between the t i m e  a t  which he 
i s sues  a command and when he sees the  response of the marker.(Fig.  1). 

There are th ree  goa ls  i n  the  experimental  eva lua t ion  of the 
p red ic to r  system. F i r s t ,  numerical  da t a  i s  des i r ed  t o  measure the  
success  of the p red ic to r  i n  he lp ing  the  human opera tor  recover  the 
c o n t r o l  t h a t  i s  l o s t  when the s i g n a l  t ransmission l ag  i s  introduced 
i n t o  the system. Second, sub jec t ive  r e s u l t s  should be obtained.  
These w i l l  be important i n  he lp ing  f u t u r e  des igners  of p r e d i c t o r  
systems, and they w i l l  c o n t r i b u t e  t o  our understanding of human 
behavior when p r e d i c t o r s  are used. Third,  t he re  i s  an  expec ta t ion  
t h a t  the  experience gained i n  using the  p r e d i c t o r  s y s t m  w i l l  re- 
veal  areas of p a r t i c u l a r  importance f o r  f u t u r e  s t u d i e s .  

I n  c o l l e c t i n g  numerical  d a t a ,  it i s  important t o  cons ider  the 
way i n  which these  d a t a  can be obtained.  The human opera tor  i s  con- 
f ronted  wi th  a t r ack ing  problem. He observes a landscape appearing 
on the  t e l e v i s i o n  d i s p l a y  and t r ies  t o  steer the  robot  veh ic l e  s o  
t h a t  i t  w i l l  fol low o r  t r a c k  a p a r t i c u l a r  rou te  over the  t e r r a i n .  

1 
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An upper bound of tracking ability can be established by measuring 
the skill with which tracking can be done when there is no signal 
transmission lag. A lower bound can be established by observing the 
difficulty in tracking when there is a signal transmission lag and 
no predictor. The ability to drive with the predictor can then be 
seen in relationship to these upper and lower bounds. The upper 
bound serves as a goal of achievement that is sought by the predic- 
tor, while the lower bound indicates the seriousness of the problem 
that is to be improved. 

In this study we are concentrating on the way in which a pre- 
dictor can help the human operator when a signal transmission lag is 
present. The predictor is intended as an aid when there are various 
amounts of signal transmission lag. Since the remote control of a 
lunar vehicle from the earth is the most immediate possible appli- 
cation of this technique, the lunar situation with its 2.6 seconds 
total signal transmission lag is used in this paper for illustrative 
purposes. 

This project is part of a continuing work at Stanford Univer- 
sity sponsored by the National Aeronautics and Space Administration. 
In the first stages of this program, Adams (1,2)* studied the effects 
of signal transmission lag without a predictor. The present work 
continues by developing and evaluating a predictor system to aid the 
human operator. A consideration of weight, reliability, and power 
demands led to the governing policy of placing only a television cam- 
era on the robot vehicle and of keeping the system complexities at 
the control station. As far as is known, the present development is 
the first operational predictor system for use where there are long 
signal transmission lags. 

A s  vehicle speeds and the length of the signal transmission 
lag are increased in future phases of this work, the capabilities 
of the present approach will be exceeded. When that stage is reached, 
it will be necessary to add equipment to the robot vehicle that will 
enable the vehicle to maneuver with only periodically received pro- 
grams of instructions. The vehicle will need the ability to impro- 
vise to some extent and to take evasive action to avoid obstacles. 
Above all, the vehicle will need the ability to stop and wait for 
further instructions when it is faced with an unexpected problem that 
it can not handle. 

Although the Prospector mission for which this present work was 
originally intended may be passed over in favor of going directly to 
the Apollo manned, lunar mission, the knowledge that will be gained in 
this study will be useful for other remote control situations that will 

Wumbers refer to publications listed in the references. 
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undoubtedly be encountered i n  the  f u t u r e .  

C .  SYSTEM DEJAYS 

Throughout t h i s  paper the  term system de lay  w i l l  be used t o  
cover a l l  the  e f f e c t s  t h a t  prevent  t he  human opera tor  from being a b l e  
t o  observe immediately the f u l l  consequences of h i s  input  commands. 
Delays may occur i n  both the feed forward and the  feedback loops i n  
a c o n t r o l  system, but  here  our i n t e r e s t  i s  i n  the t o t a l  de lay  t h a t  
occurs between the  t i m e  the human opera tor  i s s u e s  a command and the 
t i m e  he r ece ives  feedback desc r ib ing  the  way i n  which the  v e h i c l e  
c a r r i e s  out  the  command. 

Within t h i s  d e f i n i t i o n  of system de lay ,  a s i g n a l  t ransmission 
l ag  i s  only one of the  ways i n  which de lays  are introduced i n t o  a 
system. An important source of system de lay  i n  many cases  i s  due t o  
the slow dynamic response of the  machine being con t ro l l ed .  The t e r m  
dynamic l ag  i s  used i n  t h i s  paper t o  cover a l l  s i t u a t i o n s  where sys-  
t e m  de lays  are caused by the dynamic response of the con t ro l l ed  ve- 
h i c l e .  Another source of system de lay  i s  the r e s u l t  of human r e a c t i o n  
time. This i s  the  time requi red  f o r  the  human being to r e a c t  t o  each 
s t imulus he r ece ives .  

F ig .  2 shows the  p laces  where s i g n a l  t ransmiss ion  l ag  and dy- 
namic lag  may appear i n  a feedback system. For s i m p l i c i t y  i n  the  
i l l u s t r a t i o n ,  the  human r e a c t i o n  t i m e  i s  ignored and the  human oper- 
a t o r  i s  t r e a t e d  as the summing element i n  t h e  system where he com- 
b ines  the e f f e c t s  of input  and feedback s i g n a l s .  

A s  r e l a t e d  t o  our problem of the  c o n t r o l  of a robot  v e h i c l e ,  
a s i g n a l  t ransmission l ag  i s  shown i n  the  feed  forward loop repre-  
s en t ing  the time requi red  f o r  r a d i o  s i g n a l s  t o  t r a v e l  through space 
from the earth-bound c o n t r o l  s t a t i o n  t o  the  v e h i c l e .  A block i s  
shown t o  i n d i c a t e  t h a t  the robot  v e h i c l e  may r e q u i r e  t i m e  t o  respond 
t o  each command. The time c o n s t i t u t e s  the  dynamic l ag  i n  the sys-  
tem. The output  is  a change of the d i r e c t i o n  i n  which the  veh ic l e  
i s  t r a v e l l i n g  over t he  ground. A t e l e v i s i o n  camera i s  c a r r i e d  on 
the veh ic l e  and observes the  d i r e c t i o n  of t r a v e l  and the  landscape 
t h a t  the v e h i c l e  w i l l  t r ave r se .  The v ideo  p i c t u r e  i s  fed back t o  
the human ope ra to r .  A s i g n a l  t ransmiss ion  l a g  is  shown f o r  the  
feedback t ransmiss ion .  

I n  the  experimental  arrangement developed f o r  the  present  
s tudy  (Fig.  3 ) ,  s e v e r a l  modi f ica t ions  of system de lays  a r e  made. 
The f i r s t  po in t  i s  t o  emphasize t h a t  t h i s  p r o j e c t  i s  concerned 
wi th  the e f f e c t s  of s i g n a l  t ransmission l a g  only ,  and i s  not  con- 
cerned wi th  dynamic l ags .  Consequently, a highly-responsive and 
maneuverable veh ic l e  w a s  b u i l t  f o r  t es t  purposes ,  I t  w i l l  be 
shown i n  d e t a i l  la ter  t h a t  the t es t  v e h i c l e  s t e e r s  by changing the  
d i r e c t i o n  of t r a v e l  i n  d i r e c t  r e l a t i o n s h i p  t o  the  angular  d i sp lace-  

4 



RADIO 
SIGNAL VEHICLE 

TRANSMISSION DYNAMIC 

I 48G I I 
LAG MAN I 

-+s 
e 

TE LEV I S ION 
SIGNAL 

TRANSMISSION 
LAG 

I' 

'UT 

Fig. 2 SIGNAL TRANSMISSION AND DYNAMIC 
LAGS IN FEEDBACK CONTROL SYSTEM 



f 

-3s 
e 

F i g .  

OUTPUT 
K 

I TELEVISION FEEDBACK I. 

3 LUMPED SIGNAL TRANSMISSION LAG I N  EXPERIMENTAL STUDY 



ment of  t he  s t e e r i n g  wheel used by the  human opera tor  i n  t h e  con t ro l  
s t a t i o n .  The veh ic l e  fol lows these  changes i n  d i r e c t i o n  wi th  a neg- 
l i g i b l e  dynamic lag .  The primary source of de lay  i s  due t o  s igna l  
t ransmission lag .  The v e h i c l e  behaves e s s e n t i a l l y  l i k e  an  ampl i f i e r  
wi th  i t s  d i r e c t i o n  of travel d i r e c t l y  r e l a t e d  t o  t h e  angular  p o s i t i o n  
of t he  ope ra to r ' s  s t e e r i n g  wheel. 

Fig.  3 a l s o  shows t h a t  t he  s i g n a l  t ransmiss ion  l a g  i s  lumped i n  
t h e  feed forward loop f o r  t h e  experimental  setup.  By lumping the  en- 
t i r e  s i g n a l  t ransmission l a g  i n  t h e  r a d i o  l i n k  from the  con t ro l  s t a t i o n  
t o  the  robot  veh ic l e ,  t he  problem of delaying video s i g n a l s  a r e  avoided. 
This  lumping i s  j u s t i f i e d  i n  the  d i scuss ion  of t h e  experimental  arrange- 
ment. Fig.  3 shows t h e  l o c a t i o n  of t he  system de lay  i n  the  experimental  
s imula t ion  of a r e a l  mission where t h e  system de lay  may be d i s t r i b u t e d  
as shown i n  Fig.  2. 

D. BACKGROUND STUDIES MADE ON THE EFFECTS OF SYSTEM DELAYS 

A number of experimenters  have considered t h e  e f f e c t s  on human 
behavior caused by dynamic l a g  i n  a man-machine con t ro l  system. These 
s t u d i e s  have been c a r r i e d  out  i n  l abora to ry  s imula t ion  of s i t u a t i o n s  
t h a t  occur wi th  slowly responding machinery. Notable i s  t h e  work of 
Conklin (3 ) .  
us ing  exponent ia l  response c h a r a c t e r i s t i c s .  I n  the  experimental  work 
ope ra to r s  were asked t o  t r a c k  a moving t a r g e t .  

Conklin co.nsidered dynamic l a g s  of up t o  16 seconds, 

Conklin found t h a t  t h e i r  t r ack ing  accuracy dropped r a p i d l y  as 
the  dynamic l a g  w a s  increased .  The opera tors '  performances reached 
a l e v e l  of chance behavior f o r  dynamic l a g s  of over a few seconds. 
He a l s o  compared the  e f f e c t s  of dynamic l a g s  on p u r s u i t  and compen- 
s a t o r y  t r ack ing ,  and showed t h a t  p u r s u i t  t r ack ing  i s  supe r io r  t o  com- 
pensatory t racking .  

I n  1949 Warrick ( 4 )  repor ted  on h i s  s t u d i e s  of system de lays  
r e s u l t i n g  from s igna l  t ransmiss ion  l a g s  of up t o  320 mi l l i seconds .  
The study w a s  made wi th  a compensatory t r ack ing  system. Warrick w a s  
s tudying the  hypothesis  t h a t  t r ack ing  e r r o r  i s  l i n e a r l y  r e l a t e d  t o  
t h e  amount of the  s i g n a l  t ransmiss ion  l ag .  The l i n e a r  r e l a t i o n s h i p  
d id  not  appear as a n t i c i p a t e d ,  bu t  h i s  work d id  show t h a t  t r ack ing  
a b i l i t y  d e t e r i o r a t e s  r a p i d l y  as the  length  of t h e  s i g n a l  t ransmiss ion  
l a g  i s  increased.  

A g r e a t  d e a l  of  va lue  i s  obtained from t r ack ing  experiments 
conducted i n  l a b o r a t o r i e s .  The t r ack ing  problem, however, i s  pre-  
sented i n  t h e  comparatively c l e a n  fash ion  of a simple t a r g e t  repre-  
sented by a moving spot  o r  moving l i n e .  The s i t u a t i o n  i n  a real  
mission w i l l  involve a t e l e v i s i o n  p i c t u r e  of a landscape. Tracking 
information w i l l  be presented  i n  a more vague and confusing way than  
i n  l abora to ry  p re sen ta t ions .  Extraneous information can be obtained 
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from t e l e v i s i o n  p i c t u r e s  and may confuse,  o r  a t  l e a s t  d i s t r a c t ,  the  
human ope ra to r .  Furthermore, t a r g e t  p r e s e n t a t i o n  i s  inf luenced by 
p a s t  t r ack ing  performance. I f  the o p e r a t o r ' s  d r i v i n g  has been f a u l t y ,  
he obta ins  a d i f f e r e n t  view of the t r ack ing  problem than i f  h i s  t r ack ing  
had been b e t t e r .  I n  an e f f o r t  t o  s imula te  r ea l  missions more c l o s e l y ,  
s e v e r a l  i n v e s t i g a t o r s  have used robot  v e h i c l e s  i n  f i e l d  t e s t s .  These 
veh ic l e s  w e r e  equipped with t e l e v i s i o n  cameras. 

One of the  f i r s t  t o  use an a c t u a l  v e h i c l e  w a s  Adams ( 1 , 2 ) ,  who 
conducted a s e r i e s  of tes ts  i n  1961 involv ing  s i g n a l  t ransmission l ag  
wi th  the veh ic l e  dynamic lags  kept  t o  a minimum. I n  f i e l d  tes ts  a 
robot  veh ic l e  was dr iven  with var ious  combinations of speeds up t o  
2 .7  f e e t  p e r  second and s i g n a l  lags  up t o  3 seconds. Scoring w a s  
achieved by measuring the percentage t i m e  t h a t  a c i r c u l a r  d i s c  16 
inches i n  diameter and located d i r e c t l y  under the cen te r  of the ve- 
h i c l e  was kept  above a white l i n e  drawn on the  t es t  f i e l d .  Scoring 
i s  presented i n  the form of percentage t ime-on- ta rge t .  Both two- 
wheel and four-wheel s t e e r i n g  were us&. The two-wheel s t e e r i n g  i s  the 
convent ional  automobile conf igura t ion .  Four-wheel s t e e r i n g  i s  d i f -  
f e r e n t  i n  t h a t  a l l  four  wheels are turned toge ther  beneath the body 
of the veh ic l e .  A four-wheel type v e h i c l e  i s  used i n  the present  
s tudy.  An important po in t  t o  cons ider ,  he re ,  however, i s  the f a c t  
t h a t  four-wheel s t e e r i n g  produces a more h igh ly  maneuverable veh ic l e  
than can be obtained wi th  two wheel s t e e r i n g .  

Adams compared the t r ack ing  performances of two-wheel and four-  
wheel s t e e r i n g  conf igura t ions  on d i f f e r e n t  courses .  Each course was 
designed t o  make u s e  of the maximum maneuverabi l i ty  permit ted f o r  the 
type of s t e e r i n g  used. The t ime-on-target  s co res  were s i m i l a r .  Since 
the four-wheel v e h i c l e  w a s  d r iven  over a more d i f f i c u l t  course ,  i t  
was concluded t h a t  four-wheel s t e e r i n g  p e r m i t s  b e t t e r  con t ro l  than 
two-wheel s t e e r i n g  when s i g n a l  t ransmission lags  a r e  present  i n  the 
feedback c o n t r o l  system. 

A s  an example of the rap id  d e t e r i o r a t i o n  of t racking  a b i l i t y  
with increas ing  s i g n a l  t ransmission l a g ,  the  fol lowing percentage 
t ime-on-target  score  was obtained f o r  a four-wheel conf igura t ion  and 
a veh ic l e  speed of 2 . 7  f e e t  p e r  second: 

98% wi th  0 seconds s i g n a l  t ransmission l ag  
8 5% with f seconds s i g n a l  t ransmiss ion  lag  
5 5% wi th  1 second s i g n a l  t ransmiss ion  lag  
25% wi th  2 seconds s i g n a l  t ransmission l ag  

Another s tudy using a robot  veh ic l e  w a s  conducted by the Grumman 
A i r c r a f t  Company (5) .  I n  t h e i r  work a two-wheel or  automobile type 
of s t e e r i n g  w a s  used t o  s tudy  the e f f e c t s  of s i g n a l  t ransmission l ag  
on human t r ack ing  performance. 
l i shed  to  d a t e ,  a modified Jeep w a s  d r iven  a t  average speeds of 1 . 8 2 ,  
2 . 7 4 ,  and 4.33  mph, and a s i g n a l  t ransmission l ag  of 2% seconds was 
used. Three d i f f e r e n t  course complexi t ies  w e r e  used,  and each course 

I n  the experiments t h a t  have been pub- 
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w a s  l i ned  wi th  t r a f f i c  cones se t  12.5 f e e t  a p a r t .  Whereas Adams asked 
h i s  t e s t  d r i v e r s  t o  fol low a white  l i n e ,  G r m a n  asked t h e i r  d r i v e r s  
t o  s t a y  wi th in  t es t  roads ou t l ined  by t r a f f i c  cones.  Both t a sks  in-  
volve t racking .  

For a given s i g n a l  t ransmission l ag  G r m a n ' s  r e s u l t s  show a 
d e t e r i o r a t i o n  i n  t r ack ing  a b i l i t y  t h a t  i s  r epor t ed  a s  being "exponen- 
t i a l l y "  r e l a t e d  t o  inc reas ing  veh ic l e  speeds.  A s  an example of re -  
s u l t s ,  the  percentage of t r a f f i c  cones h i t  a t  a given t r i a l  f o r  the 
most d i f f i c u l t  course w a s :  

18% a t  2 . 1  mph 
3 1% a t  3.2 mph 
35% a t  4.7 mph 

A l l  values  were obtained wi th  the s i g n a l  t ransmission l ag  of 2% seconds. 
Grumman's r e s u l t s  a l s o  showed t h a t  the scores  w e r e  dependent on the com- 
p l e x i t y  of the course.  

Both the Grumman and the Adams s t u d i e s  w e r e  conducted with f u l l -  
s i z e  veh ic l e s .  The Airborne Instruments  Laboratory ( 6 )  has developed 
a 24'x15' s c a l e  model of a " lunar  landscape." Their  t e s t  veh ic l e  con- 
s i s t s  of a t e l e v i s i o n  camera which i s  mounted on a se t  of t r acks  and 
i s  14"x8"x15" i n  s i z e .  Driving speeds were sca l ed  so  t h a t  one veh ic l e  
length of t r a v e l  p e r  second f o r  the sca l ed  model i s  considered equiv- 
a l e n t  t o  one veh ic l e  length  f o r  a f u l l - s i z e  veh ic l e .  I n  t h e i r  t e s t s ,  
d r i v e r s  were asked t o  steer the  model robot  v e h i c l e  from a given s t a r t i n g  
poin t  t o  a d i s t a n t  goa l .  The rou te  followed was chosen by the opera- 
t o r .  Obstacle s i z e s  ranged from % t o  5 t i m e s  the  model v e h i c l e ' s  
he igh t .  The d i s t a n t  goa l  was p e r i o d i c a l l y  l o s t  t o  view during a given 
run. Scores were made by measuring the length  of t i m e  requi red  t o  
reach the goal  and by count ing the number of obs t ac l e s  h i t  en rou te .  
One advantage of t h i s  approach t o  the  problem of s tudying con t ro l  when 
there  a r e  s i g n a l  t ransmission lags  present  i s  t h a t  the  sharp ,  dark ,  
and l i g h t  c o n t r a s t s  of lunar  lumination can be approximated by proper 
l i g h t i n g  of the model lunar  landscape i n  combination with the c o r r e c t  
t e l e v i s i o n  lens  s e t t i n g s .  N o  numerical  r e s u l t s  a r e  presented i n  the 
a v a i l a b l e  r e p o r t s ( 6 ) .  

A l l  these  s t u d i e s  i n d i c a t e  t h a t  t r ack ing  a b i l i t y  i s  s e r i o u s l y  
impaired by the presence of s i g n a l  t ransmission and dynamic lags .  
Tracking a b i l i t y  d e t e r i o r a t e s  f o r  given s i g n a l  t ransmission lags  as 
the veh ic l e  speed inc reases .  Likewise,  t h e r e  i s  a decrease i n  
t racking  s k i l l  f o r  a given speed when the s i g n a l  t ransmission lags  
a r e  increased.  Hence, i nc reas ing  combinations of veh icu la r  speed 
and s i g n a l  t ransmission l a g  con t r ibu te  t o  the  diminishing of t r ack ing  
a b i l i t y .  I n  those s i t u a t i o n s  where a s i g n a l  t ransmission lag  i s  un- 
avoidable ,  a human opera tor  has no choice bu t  t o  d r i v e  slowly i n  an 
e f f o r t  t o  maintain reasonable  c o n t r o l .  

There i s  no exac t  p lace  where t racking  a b i l i t y  i s  l o s t ,  bu t  
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r a t h e r  a cont inuing  aecrease  i n  a b i l i t y  as speed and s i g n a l  t ransmission 
lags  are increased.  J u s t  what i s  acceptab le  depends on the l o c a l  con- 
d i t i o n s  fac ing  the robot  veh ic l e .  The t a s k  confront ing  the human oper- 
a t o r  when system de lays  occur can be v i s u a l i z e d  by reviewing the t racking  
problem wi th  which he is  faced.  I n  order  t o  perform p u r s u i t  t r ack ing ,  
the human opera tor  must be a b l e  t o  observe the  d i f f e r e n c e  between h i s  
intended path of t r a v e l  and the  a c t u a l  performance of the t racking  ve- 
h i c l e .  H i s  ob jec t ive  i s  t o  make the displacement e r r o r  s i g n a l  between 
the two s a t  i s  f a c  t o r  i l y  s m a l l .  

By watching a t e l e v i s i o n  p i c t u r e  of the  approaching landscape, 
a human opera tor  i s  a b l e  t o  maintain a rou te  t o  fol low.  He should 
have l i t t l e  d i f f i c u l t y  i n  f ind ing  a rou te  t o  fol low i f  the t e l e v i s i o n  
p i c t u r e  i s  of good q u a l i t y .  The d i f f i c u l t y  occurs when he t r i e s  t o  
observe the behavior of h i s  t racking  robot  v e h i c l e .  I f  system delays 
are p resen t ,  he does n o t  have an  i n d i c a t i o n  of where the veh ic l e  w i l l  
be on the landscape a f t e r  i t  has  responded t o  a l l  s t e e r i n g  comands 
c u r r e n t l y  being processed through the delay.  H e  does no t  have a d i s -  
placement e r r o r  s i g n a l  t h a t  he can t r y  t o  minimize. I f  he uses the  
information provided on the t e l e v i s i o n  p i c t u r e  without  modi f ica t ion ,  
he w i l l  be working wi th  a displacement e r r o r  t h a t  i s  obsole te  and does 
no t  include the e f f e c t s  of the i n s t r u c t i o n s  c u r r e n t l y  being processed. 
This would obviously lead t o  f a u l t y  d r iv ing .  I n  t r y i n g  t o  obta in  a 
v a l i d  displacement e r r o r  s i g n a l ,  the opera tor  must know where the ve- 
h i c l e  w i l l  be on the  landscape when it  can be reached and inf luenced 
by a new comand t h a t  he i s  planning t o  send. He must make a men.tal 
p red ic t ion  of where the veh ic l e  w i l l  go as i t  responds t o  the in fo r -  
mation t h a t  has  been s e n t  but  whose e f f e c t s  have not  as ye t  been r e -  
ported v i a  t e l e v i s i o n  feedback. 

I n  forming a mental  p red ic t ion ,  the opera tor  must remember a l l  
the i n s t r u c t i o n s  t h a t  have been s e n t ,  but  f o r  which no feedback has 
been rece ived .  H e  must con t inua l ly  r e v i s e  t h i s  l i s t  as new i n s t r u c -  
t i o n s  a r e  added and o ld  ones de l e t ed .  H e  has t o  cons ider  the changing 
inf luence  of each command as i t  moves through the  l i s t .  H e  has t o  
use t h i s  ever-changing l i b r a r y  of information t o  form a continuous 
se t  of p red ic t ion  c a l c u l a t i o n s .  This i s  a formidable t a sk .  The 
da ta  shown i n  the  experimental  s t u d i e s  t h a t  have been quoted show 
t h a t  i t  i s  beyond human a b i l i t y  t o  perform these  c a l c u l a t i o n s  suc- 
c e s s f u l l y  when system de lays  and v e h i c l e  speeds are apprec iab le .  

These s t u d i e s  (1) - ( 6 )  show t h a t  s i g n a l  t ransmission lag ,  dy- 
namic lag ,  and v e h i c l e  speeds con t r ibu te  t o  the d e t e r i o r a t i o n  of 
t racking  a b i l i t y .  For a given speed, i nc reas ing  the  s i g n a l  t r ans -  
mission l ag  means decreas ing  t r ack ing  a b i l i t y .  Likewise, f o r  a given 
s i g n a l  t ransmission l a g ,  i nc reas ing  veh icu la r  speed r e s u l t s  i n  poorer 
t r ack ing ,  I f  a remote c o n t r o l  veh ic l e  i s  s o  loca ted  t h a t  a s i g n a l  
t ransmission l ag  i s  unavoidable,  the only way t o  make p rec i se  maneu- 
v e r s  i s  t o  d r i v e  slowly. Unless one is  conten t  wi th  slow speeds 
( l e s s  than 2 mph f o r  a lunar  vehPcle) when complicated d r iv ing  s i t u a -  
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t i o n s  are encountered, a means must be found f o r  making p red ic t ion  
c a l c u l a t i o n s  more a c c u r a t e l y  than a human being is  capable of doing. 
This can be done wi th  a p r e d i c t o r ,  such as the  one t h a t  i s  developed 
i n  t h i s  p r o j e c t  . 

E. BACKGROUND WORK I N  THE DEVELOPMENT OF PREDICTOR SYSTEMS 

A sea rch  of the  l i t e r a t u r e  d i sc losed  s e v e r a l  p red ic to r  develop- 
ments t h a t  are p e r t i n e n t  t o  the present  s tudy.  

I n  1954 Ziebol tz  and Paynter ( 7 )  p resented  a paper i n  which 
they discussed the  p o s s i b i l i t i e s  of improving c o n t r o l  by the use of 
a compressed-time s c a l e  computer. This work w a s  intended f o r  auto- 
m a t i c  c o n t r o l  systems where a human being i s  no t  present  i n  the con- 
t r o l  loop. The compressed-time scale computer performs r ap id  calcu-  
l a t i o n s  and looks i n t o  the  f u t u r e  t o  see how the  con t ro l l ed  device 
w i l l  behave as i t  responds t o  system inpu t s .  Two time s c a l e s  a r e  in-  
volved. The f i r s t  t i m e  scale involves the ra te  a t  which the con t ro l l ed  
device responds t o  input  commands. This t i m e  s c a l e  can be i d e n t i f i e d  
as a r ea l - t ime  s c a l e .  The o ther  t i m e  scale can be i d e n t i f i e d  as a 
compressed-time s c a l e  using the  ra te  a t  which the  compressed-time com- 
pu te r  performs i t s  p r e d i c t  ion c a l c u l a t i o n s .  

I n  Ziebol tz  and Payn te r ' s  development, a compressed-time s c a l e  
computer i s  placed i n  the c o n t r o l  system feedback loop. I n  t h i s  way 
the p red ic t ions  formed by the  compressed-time s c a l e  computer are used 
t o  modify the  system inpu t s .  The long range consequences of inputs  
are considered and used t o  reshape the  inpu t s  t o  ob ta in  the  des i r ed  
system outputs .  

The idea of feeding p red ic t ion  information back i n t o  the con- 
t r o l  system can be extended t o  systems where a human opera tor  i s  p a r t  
of the c o n t r o l  loop. The term p red ic t ion  instrument (8) - (10) i s  
used t o  des igna te  those devices  which present  p r e d i c t i o n  information 
t o  the  human opera tor  t o  he lp  him on h i s  c o n t r o l  t a sk .  

P r i o r  t o  the  p re sen t  work, no p red ic to r  instruments  have been 
b u i l t  f o r  use where the re  are long s i g n a l  t ransmission l ags .  However, 
p red ic t ion  instruments  have been considered f o r  cases where there  are 
long dynamic l ags .  The primary emphasis has  been on the  development 
of p red ic to r  instruments  t o  a i d  i n  c o n t r o l l i n g  the  d iv ing  performance 
of submarines. A l a rge  v e s s e l  of t h i s  type responds slowly t o  com- 
mands, and the re  i s  danger t h a t  the  man who c o n t r o l s  t he  d iv ing  planes 
may over -cont ro l  and cause the  v e s s e l  t o  d ive  below the  des i r ed  depth.  
I n  a d d i t i o n ,  hunt ing about the  des i r ed  depth  may r e s u l t  as the oper- 
a t o r  tr ies t o  p r e d i c t  the  submarine's  eventua l  response t o  h i s  d iv ing  
commands. I d e a l l y ,  t he  submarine should be c o n t r o l l e d  t o  reach the  
des i r ed  depth without  over-shoot ing.  

The problems of p red ic t ion  when t h e r e  are long s i g n a l  t r ans -  
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mission l a g s  have s e v e r a l  t h ings  i n  common wi th  t h e  p r e d i c t i o n  problem 
f o r  submarines where t h e r e  a r e  long synamic l a g s .  Both systems need 
an  input  device  f o r  t h e  human ope ra to r ,  a computing device  f o r  ca lcu la-  
t i n g  p r e d i c t i o n s ,  and a means f o r  d i sp l ay ing  p r e d i c t i o n  information 
t o  the  opera tor .  
machine and t h e  machine-to-man i n t e r f a c e s .  The major human f a c t o r s  
problem involves  the  machine-to-man i n t e r f a c e  and t h e  way i n  which t h e  
p r e d i c t i o n  information is disp layed  f o r  t he  b e n e f i t  o f  t he  human oper- 
a t o r .  

Both systems involve a cons ide ra t ion  of  t h e  man-to- 

F, THE HUMAN I N  THE SYSTEM 

Throughout t h i s  p r o j e c t  we a r e  following t h e  p o l i c y  of us ing  
man where he i s  supe r io r  t o  machines, and us ing  machines where they 
a r e  super ior  t o  man. Man does p l ay  an  e s s e n t i a l  r o l e  i n  t h e  remote 
con t ro l  of t h e  robot  veh ic l e .  Unknown landscapes w i l l  be  presented  
t o  t h e  human opera tor  through t h e  view of  the  t e l e v i s i o n  d i sp lay .  
The amount of information being processed i s  very  l a r g e  and of a 
vague na ture .  The human ope ra to r  i s  needed t o  s e l e c t  p e r t i n e n t  in -  
formation from a background of  information t h a t  i s  not  of va lue  t o  
t h e  t r ack ing  t a sk .  
graphy of t h e  e a r t h  w i l l  be h e l p f u l  i n  t r ack ing  on the  moon o r  one 
of t he  p l a n e t s .  Man i s  e s s e n t i a l  i n  coping wi th  t h e  unexpected s i t -  
ua t ions  t h a t  w i l l  undoubtedly arise.  H i s  a b i l i t y  t o  choose between 
a l t e r n a t i v e s  i s  an  important cons idera t ion .  Not knowing i n  advance 
what types of a l t e r n a t i v e s  may p resen t  themselves,  i t  i s  impossible  
t o  program a computer a l t e r n a t i v e  t o  make these  dec i s ions  f o r  man. 
Man's a b i l i t y  t o  make observa t ions  extraneous t o  t h e  a c t u a l  t r ack ing  
r o l e  and h i s  a b i l i t y  t o  recognize t h e  s i g n i f i c a n c e  of  un re l a t ed  
events  may y i e l d  important d iv idends  i n  the  a c t u a l  mission.  

It i s  l i k e l y  t h a t  man's experience wi th  the  topo- 

I n  our  experimental  arrangement, t he  human opera tor  i s  given 
a p r e d i c t o r  d i s p l a y ,  thereby f r ee ing  him from t h e  t a s k  of having t o  
make mental  p r e d i c t i o n  c a l c u l a t i o n s .  The t e l e v i s i o n  camera on the  
t e s t  veh ic l e  uses  a wide angle  l e n s  t o  p re sen t  a wide viewing angle  
t o  the  opera tor .  The v e h i c l e  s t e e r i n g  i s  one of  t he  s imples t  poss ib l e  
forms us ing  a displacement con t ro l  where t h e  d i r e c t i o n  of t r a v e l  of  
the veh ic l e  i s  d i r e c t l y  r e l a t e d  t o  t h e  angular  p o s i t i o n  01 t h e  input  
s t e e r i n g  wheel. The human ope ra to r ' s  t a s k  i s  t o  observe a t e l e v i s i o n  
v i e w  of t he  landscape t h a t  t h e  robot  v e h i c l e  i s  approaching, t o  focus 
h i s  a t t e n t i o n  upon the  s t e e r i n g  of  t he  p r e d i c t i o n  marker superimposed 
on the  p i c t u r e ,  and t o  in t roduce  s t e e r i n g  c m a n d s  through t h e  a c t i o n  
of tu rn ing  a s t e e r i n g  wheel. A l l  o the r  t a s k s  i n  t h e  system a r e  handled 
by machine. 
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CHAPTER I1 

DEVELOPMENT OF THE EXPERIMENTAL CONTROL SYSTEM 

A. INTRODUCTION 

The purpose of the  p r e d i c t o r  i s  t o  a i d  the  human opera tor  i n  
h i s  t a sk  of c o n t r o l l i n g  a robot  v e h i c l e  when long s i g n a l  t ransmission 
lags  appear i n  the  c o n t r o l  system. The p red ic to r  achieves t h i s  goa l  
two ways. F i r s t ,  it r e l i e v e s  the  opera tor  of the  burden of having t o  
perform mental  c a l c u l a t i o n s  f o r  determining a p red ic t ion  of veh icu la r  
behavior.  Second, i t  p resen t s  the  p r e d i c t i o n  information t o  the oper- 
a t o r  i n  a u s e f u l  and e f f e c t i v e  manner. The d e t a i l s  of the  pred ic tor  
are considered i n  t h i s  chap te r .  

The p red ic to r  i s  one p a r t  of the  o v e r a l l  c o n t r o l  system b u i l t  
f o r  t h i s  experimental  s tudy.  F ig .  4 shows the  breakdown of the con- 
t r o l  system. It  shows t h a t  the  c o n t r o l  system c o n s i s t s  of two bas i c  
p a r t s :  the  robot  v e h i c l e  and the  c o n t r o l  s t a t i o n .  The c o n t r o l  s t a t i o n  
is  f u r t h e r  d iv ided  i n t o  the s t e e r i n g  loop and the  p r e d i c t o r .  The 
s t e e r i n g  loop i s  needed r ega rd le s s  of whether a p red ic to r  is used. 
It r ep resen t s  the means by which s t e e r i n g  i n s t r u c t i o n s  o r i g i n a t e ,  the  
way i n  which the s i g n a l  t ransmission l ag  i s  introduced,  and the  method 
of d i sp l ay ing  a t e l e v i s i o n  p i c t u r e  showing the v e h i c l e ' s  d i r e c t i o n  
of t r a v e l .  When p red ic t ion  i s  d e s i r e d ,  the  p red ic to r  i s  added a t  the  
c o n t r o l  s t a t i o n .  

The p r e d i c t o r ,  however, does no t  s tand  as an i s o l a t e d  u n i t  i n  
the  c o n t r o l  system o r  even i n  the c o n t r o l  s t a t i o n .  The s t e e r i n g  loop, 
the p r e d i c t o r ,  and the  robot  v e h i c l e  are a l l  i n t e r - r e l a t e d .  Design 
dec i s ions  f o r  any one of these  u n i t s  a r e  inf luenced by r e s u l t i n g  
e f f e c t s  on the o the r  two u n i t s .  The s t e e r i n g  loop and the p red ic to r  
even share  some of the  same equipment. Hence, i t  is  not  v a l i d  t o  
descr ibe  these  u n i t s  s e p a r a t e l y ;  i n s t e a d ,  i t  i s  necessary t o  s tudy 
them toge ther  and t o  cons ider  the  ways i n  which they a r e  i n t e r - r e l a t e d .  

B. THE TEST VEHICLE 

The robot  v e h i c l e  used i n  the  present  s tudy  uses  a four-wheel 
s t e e r i n g  where a l l  four  wheels t u r n  toge ther  underneath the  body of 
the veh ic l e .  Fig.  5 r e p r e s e n t s  a comparison between four-wheel and 
the  f a m i l i a r  two-wheel s t e e r i n g  found i n  automobiles.  Four-wheel 
s t e e r i n g  leads  t o  a highly-maneuverable and responsive v e h i c l e .  A 
unique f e a t u r e  of the v e h i c l e  i s  t h a t  i t s  body does not  change or ien-  
t a t i o n  when the  v e h i c l e  changes d i r e c t i o n .  Consequently, t he re  i s  
no forward d i r e c t i o n  save t h a t  i n  which the  wheels are pointed.  I n  
order  t o  look forward, the  v e h i c l e ' s  t e l e v i s i o n  camera tu rns  wi th  
the whee 1s. 

The wheels are s t e e r e d  by indexing s tepping  motors. The com- 
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mercially available stepping motors make 200 steps per revolution. 
Since these motors step without cumulative error, no feedback sys- 
tem is needed on the vehicle to control the magnitude of each step. 

The steering behavior of both a four-wheel and a two-wheel 
vehicle are shown in Fig. 6 .  The steering characteristics with the 
two-wheel vehicle are more involved than with the four-wheel vehicle. 
With two-wheel steering, the vehicle spirals into a turn, may continue 
on an arc, and then spirals out of the turn. With four-wheel steering, 
the turn is completed with each step of the stepping motors used for 
steering. The angular turns for four-wheel steering are grossly ex- 
aggerated in Fig. 6 .  
requires 25 individual steps. 

I n  reality the 45' change in direction shown 

The vehicle receives its steering instructions through a radio 
link. The instructions are coded in the form of AC pulses, with 9 6 0  cps 
and 1390 cps signals arbitrarily selected for left and right steps re- 
spectively. Pulses are sent at a maximum rate of 15 pulses per sec- 
ond. The wheels are geared directly to the stepping motors, so that 
200 steps in a given direction complete a 360' turn for the vehicle. 
The turning radius is a function of the pulse rate and the vehicle's 
speed, and is expressed approximately as R = p v / 2 m ,  where n is the 
number of pulses per second, p is the number of steps per revolution, 
and v the vehicle speed. As a specific example for this system, with 
n = 15 pulses per second, p = 200 steps per revolution, and v = 7.1 
feet per second, R = 15.1 feet. 

The steering pulses originate in a steering box. When the 
steering wheel is turned, pulses are produced to cause left or right 
turns. The steering wheel is governor-controlled so that pulses can 
not be sent at a rate greater than 15 pulses per second. An angular 
displacement of the steering wheel results in an angular displacement 
of the vehicle's stepping motors, and hence an angular displacement of 
the vehicle. When making a turn, the steering wheel is rotated through 
the appropriate angle and then left in the new position. After one 
delay period (equal to the total signal transmission lag), the tele- 
vision picture will show the vehicle making a similar change in direc- 
tion. 

In establishing the desirable maneuverability of the vehicle, 
the viewing angle of the vehicle's television camera and Lhe length 
of the signal transmission lag must be considered. These relationships 
are shown in Fig. 7. The television camera is equipped with a wide angle 
lens that permits a horizontal angle of vision of 53O. 
maneuverability, the vehicle can be driven outside of the television 
viewing angle for signal transmission lags exceeding 2 seconds. For 
the lunar example with a total signal transmission lag of 2 . 6  seconds, 
the vehicle can be driven so that the prediction marker will move out- 
side of the television picture. As a result, the viewing angle of the 
television camera on the vehicle is the limiting factor, and there is 

With the given 
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no po in t  i n  des igning  a v e h i c l e  t h a t  i s  more maneuverable than t h e  p r e s e n t  
one. 

The camera i s  mounted so t h a t  i t  looks forward h o r i z o n t a l l y  o r  
can be depressed t o  see t h e  ground c l o s e r  t o  t h e  v e h i c l e .  The c r u c i a l  
need i s  f o r  t h e  a b i l i t y  t o  see t h e  ground where t h e  marker w i l l  be su- 
perimposed on the  t e l e v i s i o n  d i sp lay  i n  the  c o n t r o l  s t a t i o n .  The p r e -  
d i c t i o n  length ,  o r  t h e  d i s t a n c e  by which t h e  marker leads  t h e  veh ic l e ,  
i s  a func t ion  of t h e  v e h i c l e  speed and t h e  magnitude of the  s i g n a l  t r a n s -  
mission l ag .  These r e l a t i o n s h i p s  are  shown i n  F i g .  8. The important 
i t e m s  on t h e  t es t  v e h i c l e  are shown i n  Figs.  9 and 10. 

F ig .  11 shows t h e  way i n  which t h e  s t epp ing  motors are  advanced. 
Each motor con ta ins  fou r  c o i l s  which may be i d e n t i f i e d  as A 1’ A2’ B1’ and 
B 2 .  achieved by switching t h e  A and B c o i l s  i n  t h e  sequence shown i n  t h e  
i l l u s t r a t i o n .  Four combinations of A and B c o i l s  a r e  p o s s i b l e ,  and these  
are  repea ted  50 t i m e s  f o r  one complete r o t a t i o n  of t h e  motor. F ig .  11 a l s o  
shows a block diagram of t h e  s t e e r i n g  components f o r  t h e  t e s t  v e h i c l e .  
Af t e r  t he  s t e e r i n g  p u l s e s  are  rece ived  by t h e  r ad io ,  they go t o  f i l t e r s  
where the  960 cps l e f t  t u r n  s i g n a l s  a r e  separa ted  from t h e  1390 cps r i g h t  
t u r n  s i g n a l s .  These p u l s e  s i g n a l s  a r e  then s e n t  t o  a s t e e r i n g  l o g i c  
system. The output  of t h e  s t e e r i n g  l o g i c  board c o n t r o l s  t h r e e  s e p a r a t e  
p a i r s  of d r i v e r  f l i p - f l o p s  f o r  t h e  proper s tepping  of t h e  t h r e e  motors. 

A t  a l l  t i m e s  one A c o i l  and one B c o i l  are  energ ized .  Stepping i s  

The use  of s t epp ing  motors r ep resen t s  a unique f e a t u r e  of 
t h i s  des ign .  S ince  r a d i o  c o n t r o l  s i g n a l s  are  b e s t  s e n t  as pu l ses  t o  
avoid no i se  d i f f i c u l t i e s ,  t h e  u s e  of s t epp ing  motors provides  a s t e e r i n g  
means t h a t  makes d i r e c t  u se  of t h e  c o n t r o l  p u l s e s .  A s  a l r eady  mentioned, 
s t epp ing  motors do n o t  r e q u i r e  any feedback c o n t r o l  checking because of 
t h e i r  s t e p s  which advance without cumulative e r r o r  t o  wi th in  0.09 of 
each index p o s i t i o n .  

0 

A wi r ing  diagram of t h e  t e s t  v e h i c l e  i s  shown i n  F ig .  1 2 ,  and 
f u r t h e r  d e t a i l s  of t h e  t e s t  v e h i c l e  appear i n  Appendix B .  

C .  CONTROL STATION 

The c o n t r o l  s t a t i o n  block diagram i s  presented  i n  F ig .  13, where 
t h e  equipment used by both the  s t e e r i n g  loop and t h e  p r e d i c t o r  are  
shown toge the r .  This i s  a n e c e s s i t y  because s e v e r a l  of t h e  blocks 
a r e  shared by both u n i t s .  F igs .  14 and 15, however, are e x t r a c t e d  from 
F i g .  13, and show s e p a r a t e l y  t h e  blocks t h a t  are used by t h e  s t e e r i n g  
loop and t h e  p r e d i c t o r .  

These i l l u s t r a t i o n s  show t h a t  t h e  s t e e r i n g  loop s t a r t s  wi th  a 
s t e e r i n g  box where p u l s e s  are  o r i g i n a t e d  as  t h e  s t e e r i n g  wheel i s  
turned by t h e  human ope ra to r .  The box con ta ins  two telephone d i a l  
assembl ies .  These assemblies con ta in  cams which ope ra t e  switches t o  
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Fig. 9 VEHICLE - GROUND VIEW 
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F i g .  10 VEHICLE - AERIAL VIEW 
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produce s t e e r i n g  pulses .  The d i a l  assemblies are equipped wi th  over- 
running c lu tches  so  t h a t  one assembly i s  o p e r a t i v e  when the  s t e e r i n g  
wheel i s  turned i n  one d i r e c t i o n ,  and the  o t h e r  assembly is  used when 
the  s t e e r i n g  wheel i s  turned i n  the  opposffe d i r e c t i o n .  The d i a l  as- 
semblies are governor-control led so  that the  pulse  ra te  can not  exceed 
15 pulses  per second. This "keys" the s t e e r i n g  wheel t o  the  v e h i c l e  
so  t h a t  the  s t e e r i n g  wheel can n o t  be turned f a s t e r  than the  v e h i c l e  
can respond. 

The s t e e r i n g  loop a l s o  uses a tape recorder  f o r  s imulat ing the  
s i g n a l  t ransmission l ag ,  a t r a n s m i t t e r  f o r  sending the  s t e e r i n g  pulses  
t o  the  v e h i c l e ,  and a t e l e v i s i o n  monitor f o r  d i s p l a y i n g  the t e l e v i s i o n  
p i c t u r e s  t h a t  are s e n t  back t o  the  c o n t r o l  s t a t i o n  from the vehic le .  

The p r e d i c t o r  components a r e  a l s o  shown i n  Figs .  13 and 15. 
These i l l u s t r a t i o n s  show that d u p l i c a t e  s t e e r i n g  pulses  go t o  a 
computer where p r e d i c t i o n  c a l c u l a t i o n s  are performed. The computer 
a l s o  makes use of t he  tape recorder  f o r  s imula t ion  of  s i g n a l  t r ans -  
mission lag.  The reasons f o r  using the  tape recorder  a r e  explained 
when the  computational procedure i s  discussed.  A t  t h i s  po in t ,  the  need 
f o r  the  block i d e n t i f i e d  a s  the  FM Datacoder i s  a l s o  explained.  The 
output  of the  computer i s  i n  the form of v o l t a g e s  descr ib ing  a plan 
view of how the p r e d i c t i o n  marker leads the  t es t  v e h i c l e .  This in-  
formation can n o t  be d i r e c t l y  superimposed on the  t e l e v i s i o n  p i c t u r e  
from the  v e h i c l e .  It must f i r s t  be converted from plan  view in fo r -  
mation t o  a form t h a t  matches the  perspec t ive  of t he  v e h i c l e ' s  tele- 
v i s i o n  camera. The perspec t ive  genera t ion  equipment c o n s i s t s  of a n  
X-Y recorder  and a computer t e l e v i s i o n  camera. A c i r c u l a r  marker i s  
mounted on the  pen holder  of t he  X-Y recorder .  The t e l e v i s i o n  cam-  
era views the  marker moving around on the  X-Y recorder  wi th  a per- 
s p e c t i v e  s i m i l a r  t o  the  way i n  which the  v e h i c l e ' s  t e l e v i s i o n  cam-  
era surveys the  v e h i c l e ' s  f i e l d  of ac t ion .  The two p i c t u r e s  a r e  then 
superimposed on the  s i n g l e  monitor i n  the  c o n t r o l  s t a t i o n  t o  give 
the  i l l u s i o n  of an e l l i p t i c a l  marker o r  symbolic v e h i c l e  moving across  
the  landscape i n  advance of t he  robot  v e h i c l e .  

The X-Y recorder  and the  computer t e l e v i s i o n  camera form a 
unique combination f o r  genera t ing  perspec t ive .  
f e r s  a g r e a t  d e a l  of f l e x i b i l i t y .  For example, t he  s i z e  and shape of 
the  p r e d i c t i o n  marker can be changed by simply changing the marker 
on the  X-Y recorder .  I f  d e s i r a b l e ,  a s c a l e d  model of the robot  ve- 
h i c l e  could even be used. This might form a more r e a l i s t i c  predic-  
t i o n  on the  t e l e v i s i o n  d i s p l a y  than the  e l l i p t i c a l  marker p r e s e n t l y  
i n  use.  
provide the  break i n  the p r e d i c t o r  where c o r r e c t i o n s  f o r  p i t c h  and 
r o l l  can be added. The important po in t  i s  t h a t  t he  p r e d i c t i o n  marker 
must appear t o  t r a v e l  ov&r the s u r f a c e  of t he  ground. I f  t he  sur -  
face  appears t o  move about a s  the  v e h i c l e  p i t c h e s  and r o l l s  over 
rough t e r r a i n ,  t he  p r e d i c t i o n  marker must be given a s i m i l a r  motion. 
By using feedback information from the v e h i c l e  descr ib ing  the p i t c h i n g  
and r o l l i n g  c h a r a c t e r i s t i c s  of the  v e h i c l e ,  a similar a c t i o n  can be 

The combination of- 

The X-Y recorder  and the  computer t e l e v i s i o n  camera a l s o  
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given t o  t h e  computer t e l e v i s i o n  camera. I n  t h i s  way, t he  marker can 
be " t ied"  t o  the  su r face  over which i t  appears  t o  be moving. 

The video output  of the  computer t e l e v i s i o n  camera i s  not  s en t  
d i r e c t l y  t o  the  t e l e v i s i o n  monitor.  It  goes f i r s t  t o  a S c h i t t  Tr igger  
where the  v a r i a b l e  video output  of t he  camera i s  converted t o  a d i g i t a l  
b a s i s  where e i t h e r  nothing o r  a f ixed  s i g n a l  i s  s e n t  on t o  the  t e l e v i s i o n  
monitor.  The X-Y recorder  i s  darkened so t h a t  only the  marker i s  i l lum- 
ina ted .  A s  a r e s u l t ,  s i g n a l s  reach the  t e l e v i s i o n  monitor desc r ib ing  
the  shape and motion of a marker t h a t  apparent ly  moves i n  a t o t a l  void.  
When two t e l e v i s i o n  p i c t u r e s  a r e  superimposed on t h e  t e l e v i s i o n  moni- 
t o r ,  no ghost ing can occur anywhere except where t h e  marker appears.  
Here, however, the  i n t e n s i t y  of t he  marker can be ad jus ted  so  t h a t  i t  
blocks out  t he  landscape f ea tu res .  

Ghosting becomes a problem only when the  human opera tor  d r i v e s  
t h e  marker around behind o b s t a c l e s  on the  landscape. In s t ead  of d i s -  
appearing from view, the  marker sh ines  through and dominates the  scene. 
Unless the  opera tor  i s  c a r e f u l  t o  watch the  marker d r i v i n g  around be- 
hind o b s t a c l e s ,  he w i l l  experience t h e  sensa t ion  of seeing the  marker 
appear i n  f r o n t  of t h e  obs t ac l e .  

The X-Y recorder  and the  computer t e l e v i s i o n  camera arrange- 
ment i s  shown i n  Fig.  16. A c i r c u l a r  marker i s  mounted on t h e  pen holder  
of t h e  r eco rde r ,  and two replacement markers of  d i f f e r e n t  s i z e s  a r e  
shown i n  f r o n t  of t h e  recorder .  This  photograph w a s  taken before  the  
X-Y recorder  was darkened. I n  use ,  t h e  b r i g h t  areas of  t he  recorder  
are covered, the  e n t i r e  assembly i s  mounted i n  a darkened p lace  i n  
the  con t ro l  s t a t i o n ,  and t h e  shiny marker i s  i l lumina ted  by a l i g h t  
mounted above the  u n i t .  

F igs .  17 through 22 a r e  photographs showing t h e  arrangement 
of t he  c o n t r o l  s t a t i o n .  The c o n t r o l  s t a t i o n  equipment i s  mounted 
i n  a s m a l l  panel  t ruck .  The a r e a  t h a t  i s  used by t h e  human opera tor  
during t e s t s  doubles as an area f o r  ca r ry ing  the tes t  v e h i c l e  t o  and 
from the  f i e l d  s i t e  where experiments a r e  conducted. 

Fig.  18 shows the  ope ra to r  us ing  t h e  equipment. Normally, 
t h e  opera tor  s i t s  d i r e c t l y  i n  f r o n t  of t h e  monitor and the  s t e e r i n g  
box i s  mounted i n  f r o n t  of and s l i g h t l y  below t h e  monitor.  With 
the  opera tor  s i t t i n g  t o  one s i d e  i n  the  photograph, i t  i s  poss ib l e  
t o  see  the  way i n  which the  p r e d i c t i o n  marker appears  superimposed 
on the  t e l e v i s i o n  view of t he  t e s t  f i e l d .  A white  l i n e  used f o r  
t r ack ing  experiments can be c l e a r l y  seen i n  t h e  t e l e v i s i o n  p i c t u r e .  
Unfortunately,  i t  w a s  necessary t o  open the  back doors  of t h e  t ruck  
when tak ing  t h i s  photograph. The r e s u l t a n t  g l a r e  on t h e  face  of t h e  
t e l e v i s i o n  monitor i s  not p re sen t  when t h e  doors a r e  c losed and the  
equipment i s  i n  use.  

This  c o l l e c t i o n  of photographs ends wi th  an o v e r a l l  view of 
the  c o n t r o l  s t a t i o n  and the  veh ic l e .  F ig .  22 shows the  t ruck  and 
t h e  t e s t  v e h i c l e  on the  f i e l d  where experiments a r e  conducted. The 
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b VIEWING DIRECTION OF 
\ TELEVISION CAMERA 
\ 

PREDICTION 
MARKER 

VIEWING POINT FOR THE DIS-  
PLAYED TELEVISION PICTURE 

TRAVEL PATH 

F ig .  23  PLAN VIEW O F  THE PREDICTION MARKER 

37 

L 



v e h i c l e  i s  shown a t  t h e  s t a r t i n g  p o i n t  of ae tangent  t h a t  i s  used as 
a n  approach t o  the  t e s t  course i n  t r ack ing  experiments.  

D. COMPUTER CALCULATIONS 

F ig .  23 i s  a p l an  view showing t h e  s i t u a t i o n  t h a t  e x i s t s  be- 
tween t h e  view of t he  landscape as seen on t h e  t e l e v i s i o n  monitor 
and the  p r e d i c t i o n  marker. W e  can imagine two o b j e c t s  t r a v e l l i n g  
ac ross  a map wi th  the  second fol lowing t h e  f i r s t  by an amount equal  
t o  the  t o t a l  s i g n a l  t ransmiss ion  l a g  p r e s e n t  i n  t h e  c o n t r o l  system. 
The second ob jec t  r ep resen t s  t he  viewing p o i n t  on the  pa th  of t r a v e l  
f o r  the  t e l e v i s i o n  p i c t u r e  displayed a t  the  c o n t r o l  s t a t i o n ,  while  the  
f i r s t  ob jec t  r ep resen t s  t he  p r e d i c t i o n  marker. We are  i n t e r e s t e d  i n  
t h e  amount by which t h e  marker leads  t h e  viewing p o i n t  f o r  t h e  d i s -  
played t e l e v i s i o n  p i c t u r e .  I n  p a r t i c u l a r ,  i t  i s  important t o  know t h e  
marker p o s i t i o n  with r e spec t  t o  t h e  viewing d i r e c t i o n  of the  t e l e v i s i o n  
camera. I n  r e a l i t y ,  t he  t e l e v i s i o n  camera on t h e  v e h i c l e  shows only 
a view of t h e  landscape. It i s  up t o  the  p r e d i c t i o n  computer t o  de- 
termine the  c o r r e c t  l o c a t i o n  f o r  superimposing the  marker on the  televi-  
s i o n  d i sp lay .  

Two ope ra t ing  condi t ions  must be cons idered .  The f i r s t  involves  
the  s t a r t i n g  condi t ions  of a run.  During t h e  f i r s t  de lay  per iod ,  
equal  t o  the  t o t a l  s i g n a l  t ransmission l a g ,  t h e  opera tor  observes a 
s t a t i o n a r y  t e l e v i s i o n  view of t he  landscape. Although t h e  opera tor  
may be sending out  s t e e r i n g  i n s t r u c t i o n s ,  t h e  t e l e v i s i o n  p i c t u r e  w i l l  
n o t  show the  e f f e c t s  of v e h i c l e  motion u n t i l  t h e  f i r s t  delay per iod  
has  e lapsed.  During t h e  s t a r t i n g  condi t ion ,  t he  p r e d i c t i o n  marker 
responds immediately t o  all commands and d r i v e s  out  ac ross  the  s t a t i o n -  
a r y  view of t h e  landscape. 

Af t e r  t h e  f i r s t  delay per iod  has  passed,  t h e  t e l e v i s i o n  p i c -  
t u r e  shows the  e f f e c t s  of the motion of t h e  veh ic l e .  The landscape 
approaches t h e  observer  watching the  t e l e v i s i o n  d i sp lay .  The marker 
no longer moves out  ac ross  the  p i c t u r e  bu t  cont inues t o  move over t h e  
landscape a f ixedd i s t ance  i n  f r o n t  of t h e  viewing p o i n t  of t he  t e l e -  
v i s i o n  p i c t u r e .  The c a l c u l a t i o n s  needed t o  l o c a t e  the  marker a r e  
more involved, s i n c e  they must cons ider  t h e  motion of t he  viewing p o i n t  
of t he  displayed t e l e v i s i o n  p i c t u r e  as w e l l  as the  output  s t e e r i n g  
commands. The s i t u a t i o n  t h a t  e x i s t s  a f t e r  t h e  t e l e v i s i o n  p i c t u r e  shows 
t h e  e f f e c t s  of v e h i c l e  movement i s  t h e  second ope ra t ing  condi t ion .  

The tes t  veh ic l e  i t s e l f  steers by changing i t s  d i r e c t i o n  of 
t r a v e l  i n  a series of 1 .8  tu rns .  The pa th  t r aced  over t he  su r face  
of t he  landscape i s  approximated by a series of s t r a i g h t  l i n e  segments. 

0 

The computer used i s  a r ea l - t ime  computer i n  the  sense t h a t  
i t  carries out  t h e  computer maneuvers a t  t h e  same r a t e  t h a t  the  veh ic l e  
c a r r i e s  ou t  i t s  maneuvers. The p r e d i c t o r  i s  developed by c a l c u l a t i o n s  
r ep resen t ing  "growth" on the  advanced end of t he  p red ic t ion  segment, 
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with  a means f o r  "decay" a t  t he  o the r  end. Only t h e  marker a t  t h e  ad- 
vanced end of t h e  p r e d i c t i o n  l i n e  segment i s  d isp layed .  

To avoid cumulative e r r o r  , sepa ra t e  "growth" and "decay" ca l -  
cu la t ions  a r e  not made. I n s t e a d ,  only a s i n g l e  m a s t e r  s e t  of ca lcu la-  
t i o n s  i s  made. The m a s t e r  s e t  of c a l c u l a t i o n s  i s  used t o  r ep resen t  t h e  
progress  of both t h e  p r e d i c t i o n  marker and the  viewing po in t  f o r  t h e  
displayed t e l e v i s i o n  p i c t u r e .  This  m a s t e r  set  of c a l c u l a t i o n s  i s  de- 
veloped i n  immediate response t o  a l l  s t e e r i n g  commands. The information 
desc r ib ing  t h i s  s e t  o f  c a l c u l a t i o n s  i s  delayed f o r  one de lay  per iod by 
using the  t ape  r eco rde r ,  a l ready  present  i n  t h e  c o n t r o l  s t a t i o n ,  f o r  
delaying s t e e r i n g  i n s t r u c t i o n s  being sen t  t o  t h e  veh ic l e .  The two s e t s  
of  c a l c u l a t i o n s  a r e  sub t r ac t ed  cont inuous ly ,  and a t ransformat ion  of 
coordinates  i s  performed on the  r e s u l t s  t o  proper ly  o r i e n t  the  pred ic-  
t i o n  marker wi th  r e spec t  t o  the  viewing d i r e c t i o n  of  t h e  t e l e v i s i o n  
d i sp lay .  

This  procedure o f f e r s  t h e  advantage of no cunula t ive  e r r o r  
s ince  any c a l c u l a t i v e  e r r o r s  made reappear  one de lay  per iod l a t e r  i n  
the  delayed c a l c u l a t i o n s  and are sub t r ac t ed  from t h e  running t o t a l .  
The m a s t e r  set of c a l c u l a t i o n s  i s  always re ferenced  back t o  t h e  o r i g i n  
of t h e  experimental  run ,  so t h a t  t he  i n t e g r a t o r s  t h a t  accumulate X 
and Y t o t a l s  may s a t u r a t e ;  
i n t e g r a t o r s  without  u p s e t t i n g  the  end r e s u l t  i s  explained l a t e r .  

a means f o r  p e r i o d i c a l l y  r e - s e t t i n g  these  

Since computer information must be s to red  on a tape  r eco rde r ,  
t he  FM Datacoder i s  necessary t o  convert  DC vo l t age  l e v e l s  r ep resen t ing  
X and Y va lues  t o  v a r i a b l e  frequency s i g n a l s  t h a t  can be recorded on 
tape.  The FM Datacoder a l s o  provides  the  recovery of DC l e v e l s  from 
the v a r i a b l e  f requencies  t h a t  a r e  reproduced from the  tape .  

Fig.  24 shows t h e  va r ious  s t ages  used i n  t h e  de te rmina t ion  
of the  p r e d i c t i o n  marker p o s i t i o n .  Because each s t e e r i n g  pulse  causes  
a s i n g l e  s t e p  of  1.8O t o  t h e  r i g h t  o r  l e f t ,  

Each of t he  s t r a i g h t  l i n e  segments, r ep resen t ing  t h e  progress  of t he  
v e h i c l e ,  accumulates smoothly i n  t h e  i n t e g r a t o r s .  For convenience of 
observa t ion ,  however, F ig .  24 shows t h e  c a l c u l a t i o n s  developing i n  a 
d i s c r e t e  s e r i e s  of s t e p s  r a t h e r  than  i n  t h e  smooth manner a c t u a l l y  used. 
For a t y p i c a l  segment: 

where VR i s  the  r e fe rence  speed of growth,'f:-L i s  t h e  accumulated 
d i r e c t i o n  of t r a v e l ,  a n d A t i  i s  the  t i m e  l eng th  of  t h e  segment. 
l o c a t i o n  of t h e  end po in t  (x ,y)  i s  expressed by summing a l l  t h e  elements 
t o  get :  

The 
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Since a l l  segments develop through the  i n t e g r a t o r s  i n  the  computer, t h e  
end po in t  i s  expressed as: 

The x and y va lues  are s to red  on tape  t o  reappear  as: 

The p r e d i c t i o n  segment i s  then  represented  by t h e  d i f f e r e n c e  as: 

F i n a l l y ,  t h e  t ransformat ion  of coord ina tes  i s  achieved by using: 

The computer c a r r i e s  ou t  t h e  above c a l c u l a t i o n s  made sepa ra t e ly  and i n  
t h e  sequence shown. 

E. PREDICTOR CHARACTERISTICS 

The d e t a i l s  o f  t h e  c o n t r o l  s t a t i o n  a r e  shown i n  Fig.  25. The 
d e t a i l s  of both t h e  s t e e r i n g  loop and t h e  p r e d i c t o r  are shown wi th  the  
s i n g l e  except ion of t h e  t e l e v i s i o n  monitor and t h e  computer t e l e v i s i o n  
camera a r e  not included.  

The r e s e t  device  se rves  an important func t ion .  Since veh ic l e  
t r a v e l  d i s t a n c e s  may accumulate without  l i m i t  from t h e  o r i g i n  of a 
t e s t ,  t h e  i n t e g r a t o r s  r ep resen t ing  these  d i s t a n c e  components by DC 
vo l t age  levels  may a l s o  inc rease  without  l i m i t .  The ope ra t iona l  am- 
p l i f i e r s  s a t u r a t e  a t  a l e v e l  of 100 v o l t s .  The r e s e t  device  i s  used 
t o  prevent  s a t u r a t i o n .  When an  i n t e g r a t o r  ou tput  reaches f80 v o l t s ,  
a reset  switch ope ra t e s  t o  s h o r t  t h e  i n t e g r a t o r  c a p a c i t o r  through 
t h e  r e l a y  po in t s .  This  r e s u l t s  i n  an almost immediate r e s e t  of t he  
i n t e g r a t o r s  t o  zero .  A sudden change of  80 v o l t s  i n  one of t he  in-  
t e g r a t o r s  causes  a sudden 80 v o l t  change i n  t h e  output  of t h e m  o r  
&Y summer. The summer output  should not  experience a s h i f t  due t o  
t h e  r e s e t  opera t ion .  Therefore ,  when an  i n t e g r a t o r  ou tput  suddenly 
r e s e t s ,  a c o r r e c t i o n  f l i p - f l o p  ope ra t e s  i n  response t o  the  d e r i v a t i v e  
o f  t he  i n t e g r a t o r  ou tput .  When t h i s  f l i p - f l o p  ope ra t e s ,  i t  energ izes  a 
h igh  speed r e l a y  through which the  c o r r e c t i o n  v o l t a g e  of  80 v o l t s  i s  
s e n t  to  t h e  summer. Within one mi l l i second of  a r e s e t  opera t ion ,  an 
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80 v o l t  c o r r e c t i o n  is  appl ied  t o  hold the s u m a t i o n  va lue  cons tan t .  
The sudden d i s c o n t i n u i t y  i n  the i n t e g r a t o r  output  appears  from the 
tape recorder  one de lay  per iod la te r .  A t  t h i s  time the 80 v o l t  jump 
i s  subt rac ted .  The release of the c o r r e c t i o n  switch f l i p - f l o p  i s  
a l l  t h a t  i s  needed t o  preserve the  va lue  a t  the  summer. No curnula- 
t i v e  e r r o r  can remain from a r e s e t  opera t ion .  Since a co r rec t ion  
f l i p - f l o p  opera tes  a t  both ends of a r e s e t  de lay  per iod ,  only one 
co r rec t ion  can be processed during a given de lay  per iod.  The choice 
of re ferenc ing  the  s ine-cos ine  potent iometers  wi th  a *70 v o l t s  per-  
m i t s  the  use of a m p l i f i e r s  near  capac i ty  without  r equ i r ing  more than 
one r e s e t  i n  a given de lay  per iod.  The c a l c u l a t i o n s  are such t h a t  none 
of the ope ra t iona l  a m p l i f i e r s ,  wi th  the  except ion  of the  two i n t e g r a t o r s ,  
ever  approach s a t u r a t i o n .  

Detail drawings of the  computer e l e c t r o n i c s  appear i n  Appendix 
B of t h i s  paper. 

F. LUMPED TIME DELAYS 

The s ta tement  has been made tha4 f o r  convenience the s i g n a l  
t ransmission l ag  i s  equa l ly  d iv ided  i n  the  feed forward r a d i o  Link 
and the  feedback t e l e v i s i o n  l i n k  i n  a r e a l  mission:  bu t  i s  lumped i n  
the  feed forward r a d i o  l i n k  f o r  the  experimental  arrangement. This 
e l imina tes  the  need f o r  a v ideo  t a p e  de lay  u n i t .  Also,  throughout 
t h i s  d i scuss ion ,  the  use of a tape recorder  t o  s imula te  the e n t i r e  
o r  lumped s i g n a l  t ransmission lag  i s  shown and descr ibed.  It i s  ap- 
p ropr i a t e  a t  t h i s  po in t  t o  examine the  v a l i d i t y  of the conten t ion  
t h a t ,  as f a r  as the human opera tor  i s  concerned, the  two s i t u a t i o n s  
of d i s t r i b u t e d  and lumped de lays  a re  equ iva len t .  

Newman (11) de l ive red  a p a p e r  t o  the Lunar Missions Meeting 
i n  Cleveland, Ohio i n  J u l y ,  1962, i n  which he d iscussed  the problems 
of remote c o n t r o l  of lunar  veh ic l e s  from e a r t h .  I n  reviewing the  ex- 
per imental  work t h a t  had been done up t o  t h a t  p o i n t ,  he noted t h a t  
the use of a lumped s i g n a l  t ransmission l ag  in s t ead  of an  even d i v i -  
s i o n  between the  outgoing and the r e tu rn ing  l i n k s  t h a t  would occur 
real  missions.  

Newman r a i s e d  the  important ques t ion  a s  t o  whether the  lumped 
de lay  arrangement used i n  experimental  s t u d i e s  adequately s imula tes  
the  c o n t r o l  problem f o r  a rea l  mission.  Fig.  26 i l l u s t r a t e s  t h a t  the  
two s i t u a t i o n s  are similar from the  d r i v e r ' s  po in t  of view. The ve- 
h i c l e  obviously has  a d i f f e r e n t  l oca t ion  between the  po in t  of o r i g i n  
of the  d isp layed  p i c t u r e  and the  p red ic t ed  p o s i t i o n ,  bu t  t h i s  i s  some- 
th ing  the d r i v e r  can no t  recognize.  I n  both cases  the  d r i v e r  must con- 
t::ol through a feedback de lay  t o t a l i n g  2.6 seconds. P red ic t ion  markers 
lead  the  video p i c t u r e  of the  landscape by the  s a m e  amount i n  both 
s i t u a t i o n s .  A cnmparison of the  s i t u a t i o n s  i s  made i n  Fig.  26. 

I n  a real mission,  a 2.6 second de lay  u n i t  w i l l  be needed f o r  
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t he  p r e d i c t i o n  c a l c u l a t i o n s .  I n  t h e  experimental  arrangement wi th  
lumped t i m e  de l ays ,  a s i n g l e  de lay  u n i t  i s  s u f f i c i e n t  t o  handle the  
2.6 second t o t a l  s i g n a l  t ransmiss ion  l a g  and t h e  2.6 second de lay  
needed f o r  the  p r e d i c t o r  c a l c u l a t i o n s .  However, i f  s i g n a l  t ransmiss ion  
l a g s  were d i s t r i b u t e d  i n  t h e  experimental  arrangement, t h r e e  de lay  
u n i t s  would be needed. A 1.3 second de lay  u n i t  would be requi red  t o  
s imula te  t h e  r a d i o  s i g n a l  t ransmiss ion  l a g ,  a 1.3 second video de lay  
u n i t  would be needed t o  s imula te  t h e  t e l e v i s i o n  t ransmiss ion  l a g ,  and 
a 2 . 6  second de lay  u n i t  would be needed f o r  t he  p r e d i c t o r  c a l c u l a t i o n s .  
The use  of t h e  lumped t i m e  de l ays  i n  the  experimental  arrangement not  
only avoids  the  need f o r  a v ideo  de lay  u n i t ,  bu t  a l s o  avoids  t h e  need 
f o r  a s e p a r a t e  de lay  u n i t  f o r  t h e  p r e d i c t o r  c a l c u l a t i o n s .  The s i n g l e  
t ape  de lay  u n i t  au tomat i ca l ly  a d j u s t s  t h e  p r e d i c t o r  de lay  length  t o  
agree  exac t ly  wi th  the  t o t a l  s i g n a l  t ransmiss ion  l ag .  

G. HUMAN USE OF THE PREDICTOR 

Now t h a t  t h e  d e t a i l s  of  t h e  p r e d i c t o r  a r e  complete, i t  i s  im- 
p o r t a n t  t o  examine t h e  use  of  t h e  equipment from the  human po in t  of 
view, and t o  cons ider  t h e  way i n  which t h e  p r e d i c t i o n  marker moves on 
the  t e l e v i s i o n  d i sp lay .  

When a t u r n  i s  in t roduced ,  t h e  motion of t he  p r e d i c t i o n  marker 
i s  somewhat d i f f e r e n t  t han  t h e  apparent  motion of  a s i m i l a r l y  advanced 
p o i n t  f o r  t h e  case where t h e r e  i s  no s i g n a l  t ransmiss ion  l ag .  The 
d i f f e r e n c e  depends on whether t h e  t e l e v i s i o n  camera t u r n s  o r  whether 
t he  p r e d i c t i o n  marker t u r n s .  When t h e  camera t u r n s ,  advanced p o i n t s  
on t h e  landscape swing through an  arc. When t h e  p r e d i c t i o n  marker 
t u r n s ,  however, i t  does not  swing ac ross  the  t e l e v i s i o n  screen ,  bu t  
merely changes t h e  d i r e c t i o n  i n  which i t  appears  t o  s l i d e  over t h e  
landscape. I n  o t h e r  words, t h e  motion of t he  marker i s  not  as pro- 
nounced as an observer  might expect  from the  experience he has  wi th  
automobiles.  T ime  i s  r equ i r ed  be fo re  i t  i s  p e r f e c t l y  c l e a r  t h a t  t h e  
d i r e c t i o n  of t h e  marker t r a v e l  has  not  changed. It may be important t o  
add a vec to r  t o  t h e  marker t o  i n d i c a t e  t h e  d i r e c t i o n  of t r a v e l .  On the  
o t h e r  hand, t h e  ope ra to r  has  k i n e s t h e t i c  feedback from tu rn ing  t h e  
s t e e r i n g  wheel, emphasizing t h a t  t h e  marker i s  changing d i r e c t i o n .  

H. PREDICTOR MOTIONS ON TV DISPLAY 

Another f a c t b r  should be considered i n  t h e  a c t i o n  of  t h e  marker 
Th i s  i s  perhaps b e s t  shown by cons ider ing  t h e  moving over t h e  t e r r a i n .  

e f f e c t s  of  a u n i t  t u r n  t o  t h e  r i g h t .  Before t h e  t u r n ,  t he  marker i s  
loca ted  s t r a i g h t  ahead, and appears  a long t h e  ve r t i ca l  c e n t e r  l i n e  of 
t h e  t e l e v i s i o n  camera. A s  t h e  v e h i c l e  cont inues  ahead, t h e  marker 
l eads  s t r a i g h t  ahead and appears  t o  s l i d e  over  t he  ground. When t h e  
t u r n  i s  in t roduced ,  t h e  marker changes d i r e c t i o n  and begins  t o  s l i d e  
over t h e  t e r r a i n  a few degrees  t o  the  r i g h t  i n  inmediate response t o  
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the  command. The v e h i c l e ,  of course,  cont inues s t r a i g h t  ahead s ince  
i t  w i l l  n o t  respond t o  the  t u r n  command u n t i l  one de lay  per iod of 
2.6 seconds has e lapsed.  A s  the  de lay  per iod  cont inues ,  the  marker 
s l i d e s  f u r t h e r  t o  the  r i g h t ,  showing how t h e  p r e d i c t e d  t r a v e l  i s  moving 
away from the  d i r e c t i o n  i n  which the  v e h i c l e  moves p r i o r  t o  i t s  turn .  
F i n a l l y ,  t he  v e h i c l e  t u rns ,  and almost immediately the  t e l e v i s i o n  pic-  
t u r e  swings around t o  the  new d i r e c t i o n .  The v e h i c l e  has f i n a l l y  res- 
ponded t o  the  i n s t r u c t e d  t u r n  and i s  now looking d i r e c t l y  up the  pre- 
d i c t e d  coad towards the  marker. 
corner ,  t h e  v e h i c l e  t e l e v i s i n n  camera sees t h e  marker p o s i t i o n  s t r a i g h t  
ahead once aga in ,  and a l l  p r e d i c f i o n  r e f e r e n c e  t o  the  tu rn  has vanished. 
To summarize, each t u r n  c o n s i s t s  of a 2.6 seconds d r i f t  of the  marker 
towards the  s i d e  of the  screen ,  followed by a r a p i d  reset  t o  c e n t e r  as 
the  v e h i c l e  f i n a l l y  makes the  turn .  During the  d r i f t ,  t he  marker 
s l i d e s  across  the  scenery.  During r e s e t ,  both the  marker and the land- 
scape swing across  the  screen  a s  the t e l e v i s i o n  camera on the  v e h i c l e  
descr ibes  the  turn.  The important po in t  f o r  t he  opera tor  i s  not  t o  
watch the  motion of t he  marker on the  monitor,  bu t  t o  concentrate  on 
the  motion of t he  marker wi th  r e s p e c t  t o  the  landscape. 

Having chased t h e  marker around the  

A l a rge  change of d i r e c t i o n  i s  made up of a series of such in-  
cremental  t u rns .  I n  a complex maneuvering s i t u a t i o n ,  many turns  may 
be i n  the  process of being passed through t h e  time delay a t  once. The 
n e t  r e s u l t  i s  an involved behavior of t he  marker as i t  s l i d e s  over the  
ground i n  response t o  new commands and resets wi th  the  view of the  
landscape as the  v e h i c l e  follows the  prev ious ly  commanded turns .  

I. PREDICTOR CALIBRATION 

The opera tor  may wish t o  confirm the  accuracy of t he  p r e d i c t o r  
when i n  use. Severa l  tests can be appl ied .  One i s  t o  d r i v e  s t r a i g h t  
f o r  a t  least  one de lay  per iod a t  which time the  marker should r e t u r n  
t o  a c e n t r a l  p o s i t i o n  one de lay  p e r i o d ' s  worth of t r a v e l  i n  f ron t .  
By not ing  the  marker 's  p o s i t i o n ,  the  d r i v e r  w i l l  know i f  t he  p r e d i c t o r  
has developed an e r r o r ,  
e s s a r y  adjustments while  the  c o n t r o l s y s t e m  i s  s t i l l  i n  use. 
t es t  procedure i s  f o r  a second opera tor  t o  i d e n t i f y  a p a r t i c u l a r  land- 
mark t h a t  happens t o  co inc ide  momentarily wi th  the  marker. 
t o  see i f  the  landmark approaches the  observer  c o r r e c t l y  along the  
c e n t e r l i n e  of t he  t e l e v i s i o n  monitor d i s p l a y  o r  i f  i t  d r i f t s  t o  one 
s i d e ,  he w i l l  know i f  the  p r e d i c t o r  has  become biased.  By measuring 
the  t i m e  r e q u i r e d  f o r  t he  landmark t o  approach the  observer ,  he w i l l  
know i f  t he  p r e d i c t i o n  i s  being made long o r  s h o r t  of t he  proper d i s -  
tance.  Both types of e r r o r s  could be c o r r e c t e d  by s u i t a b l e  computer 
adjustments while t he  v e h i c l e  i s  running. F i n a l l y ,  the  opera tor  can 
always s t o p  p e r i o d i c a l l y ,  reset the  p r e d i c t a r  equipment, and start  
over aga in  wi th  a c l e a n  computer. 

A second opera tor  could then make any nec- 
Another 

By watching 
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CHAPTER I11 

EXPERIMENTAL EVALUATION AND CONCLUSIONS 

A .  DISCUSSION OF FIELD TESTS 

Following the development of t h e  c o n t r o l  system, a series of f i e l d  
tes ts  was conducted. I n  t h i s  work, w e  used the  lunar  de lay  per iod of 2.6 
seconds. The v e h i c l e  speed w a s  measured a t  7.1 f e e t  per  second, which i s  
c l o s e  t o  the  intended 7.35 f e e t  p e r  second (5mph). The s e l e c t e d  speed i s  
w e l l  beyond the  speed where e f f e c t i v e  unaided c o n t r o l  i s  l o s t  ( 1 ) , ( 3 ) .  
The a b i l i t y  t o  d r i v e  a t  7 .1  f e e t  p e r  second wi th  the  he lp  of the  p r e d i c t o r  
represents  a l a rge  s t e p  forward. The v e h i c l e  was operated a t  cons tan t  
speed over f l a t  t e r r a i n ,  and the  t e l e v i s i o n  camera on the  v e h i c l e  used the  
s tandard frame ra te  of 30 frames per  second. 

The f i r s t  experiments involved t racking  a white l i n e  t h a t  w a s  
drawn on the  sur face  of t he  t es t  f i e l d .  Tracking permits a ready means 
f o r  scor ing  and f o r  eva lua t ing  d r i v i n g  a b i l i t y .  I n  a r e a l  mission,  w e  
w i l l  not  f i n d  white l i n e s  t o  follow., Nevertheless ,  a t racking  problem 
remains. A f t e r  looking ahead t o  s e l e c t  an intended path of t r a v e l ,  t he  
opera tor  can proceed t o  t r a c k  along the  t e r r a i n  f e a t u r e s  t h a t  i d e n t i f y  
the  route .  The s i t u a t i o n  i s  more d i f f i c u l t  because pa th  determinat ion is 
added t o  the  t r a c k i n g  opera t ion .  I n  a r e a l  mission,  the d r i v e r  does n o t  
have t o  r e t u r n  t o  a p a r t i c u l a r  r o u t e  of t r a v e l  i f  he s t r a y s  from the  in-  
tended pa th ;  he can develop an a l t e r n a t e  r o u t e  t o  follow. 

The second group of experiments was designed t o  g ive  the  opera tors  
t h i s  added freedom. A t es t  course was e s t a b l i s h e d  t o  s imulate  the  case  
of an open f i e l d  wi th  a series of o b s t a c l e s  t h a t  the  v e h i c l e  must p a s s  
between. This arrangement i s  analogous t o  a croquet c o u r t  with open spaces 
between a s e r i e s  of wickets.  The d r i v e r s  had t o  steer the t es t  v e h i c l e  
through these  wickets i n  sequence, bu t  the  d r i v e r s  were p e r f e c t l y  f r e e  
t o  s e l e c t  t h e i r  r o u t e s  of t r a v e l  i n  the  open a r e a s  between the  wickets.  
This course i s  i d e n t i f i e d  a s  a maze throughout t he  present  chapter .  

The shape of the  t racking  curve was determined by a cons idera t ion  
of v e h i c l e  maneuverabi l i ty ,  the  viewing angle  of the  v e h i c l e ’ s  t e l e v i s i o n  
camera, and the  s i z e  of the  a v a i l a b l e  t es t  f i e l d .  The curve developed 
i s  a compromise between r e q u i r i n g  involved maneuvers and keeping the  
curve i n  view a t  least one p r e d i c t i o n  l e n g t h  ahead of t he  p i c t u r e .  A t  
no time is  the  d r i v e r  asked t o  steer the  p r e d i c t i o n  marker o f f  of t he  
t e l e v i s i o n  d i s p l a y  of t he  scenery.  The curve i t s e l f  i s  b a s i c a l l y  an 
ova l  which i s  d i s t o r t e d  t o  take advantage of the  shape of the  f i e l d .  S ix  
s i n e  waves of var ious  amplitudes and lengths  a r e  superimposed on the  
oval.  
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B. DRIVER TRAINING 

Driver t r a i n i n g  w a s  conducted i n  a sequence i d e n t i c a l  t o  t h e  order  
i n  which t h e  experimental  d a t a  w a s  c o l l e c t e d .  I n  t h e  opening phases of  
t h e  program, t h e  d r i v e r s  were asked t o  fo l low t h e  whi te  l i n e  when t h e r e  
w a s  no de lay  i n  the  system. This  gave them t h e  oppor tuni ty  t o  become 
f a m i l i a r  wi th  s t e e r i n g  a highly-responsive four-wheel s t e e r i n g  veh ic l e .  
They gained the  a b i l i t y  t o  d r i v e  by observing a t e l e v i s i o n  p i c t u r e  of 
t h e  course.  A f t e r  achieving t h i s  f a m i l i a r i t y  wi th  t h e  equipment, t h e  
d r i v e r s  p rac t i ced  t r ack ing  without  a p r e d i c t o r  and wi th  de lay  pe r iods  
of 1.3, 2.6,  3 .9 ,  and 5.2 seconds. This  experience gave them a n  
apprec ia t ion  f o r  t h e  d i ' f f i cu l ty  encountered when s i g n a l  t ransmiss ion  
l a g s  are introduced i n t o  a c o n t r o l  system. The f i n a l  t r a i n i n g  per iod  
f o r  t r ack ing  involved p r a c t i c e  us ing  t h e  p r e d i c t o r .  

During t h e  p r a c t i c e  s e s s i o n  wi th  t h e  p r e d i c t o r  t r ack ing ,  t h e  
d r i v e r s  gained confidence i n  t h e  a b i l i t y  of  t h e  p r e d i c t o r  t o  i n d i c a t e  
t h e  t e s t  v e h i c l e ' s  f u t u r e  behavior  c o r r e c t l y .  Th i s  confidence w a s  
re inforced  by watching the  way i n  which t h e  whi te  l i n e  approached t h e  
t e l e v i s i o n  camera on t h e  v e h i c l e  i n  response t o  s t e e r i n g  i n s t r u c t i o n s .  
A f t e r  t h i s  experience wi th  being a b l e  t o  see a p r e c i s e  feedback of  
success  by watching t h e  approach of t h e  whi te  l i n e ,  t he  d r i v e r s  s h i f t e d  
t o  p r a c t i c e  w i t h  t h e  maze. 

The d e c i s i o n  w a s  made t o  record the  experimental  runs on movie 
f i lm  so t h a t  we  would have a permanent record  of each performance. 
This  enabled u s  t o  go back over each r u n  i n  o rde r  t o  examine and measure 
performance. 
equipment. 
experimental  d a t a  on f i lm  a f t e r  t h e  d r i v e r s  had a thorough t r a i n i n g  
per iod i n  which they  developed t h e i r  s k i l l s  a t  d r i v i n g  under va r ious  
experimental  condi t ions .  The r e s u l t s  presented  i n  t h i s  paper show how 
we l l  t h e  d r i v e r s  were ab le  t o  master t h e  d i f f e r e n t  experimental  condi- 
t i o n s .  

A movie f i lm  record makes l a r g e r  demandsonmanpower and 
For t h i s  reason  w e  e s t a b l i s h e d  t h e  po l i cy  of record ing  

During t h e  t r a i n i n g  per iod ,  s e v e r a l  i n t e r e s t i n g  th ings  appeared. 

A longer  per iod  w a s  requi red  t o  g a i n  f a m i l i a r i t y  wi th  the  
It w a s  discovered t h a t  t he  d r i v e r s  learned  r a p i d l y  t o  t r a c k  without a 
delay.  
p r e d i c t o r .  By f a r  t h e  longes t  t r a i n i n g  pe r iod ,  however, w a s  requi red  
i n  t r y i n g  t o  ga in  c o n t r o l  when no p r e d i c t o r  w a s  used aad s i g n a l  t r ans -  
miss ion  l a g s  w e r e  p re sen t .  

Another s i g n i f i c a n t  discovery w a s  t h a t  t h e  a b i l i t y  t o  d r i v e  
without  a p r e d i c t o r  improved once the  d r i v e r s  learned  t o  use  the  
p red ic to r .  Apparently t h e  p r e d i c t o r  experience showed t h e  d r i v e r s  the  
a r e a  on t h e  t e l e v i s i o n  d i s p l a y  where t h e i r  mental  c a l c u l a t i o n s  should 
l o c a t e  an  imaginary p r e d i c t i o n  marker. A s  one d r i v e r  exclaimed, "So 
t h a t ' s  where i t ' s  supposed t o  be!" 
the  f a c t  t h a t  t h e  p r e d i c t o r  experience showed them the  way i n  which 
the  p r e d i c t i o n  marker moves about on t h e  t e l e v i s i o n  d i s p l a y  i n  responding 
t o  s t e e r i n g  i n s t r u c t i o n s .  A s  d i scussed  i n  Chapter 11, t h e  motion of  
t he  p r e d i c t i o n  marker on the  t e l e v i s i o n  d i s p l a y  i s  inf luenced by t h e  
immediate response of t h e  marker t o  t h e  s t e e r i n g  commands, and i t  i s  
a l s o  inf luenced by the  eventual  response of t h e  robot  v e h i c l e  t o  t h e  
same commands. 

Perhaps even more important i s  
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C. TRACKING EXPERDENT 

1. TEST PROCEDURE 

One way t o  sco re  a f i e l d  t r ack ing  experiment i s  by a time-on- 
t a r g e t  record .  This w a s  used by Adams (1) i n  h i s  v e h i c l e  s t u d i e s .  Grum- 
man ( 7 )  used a similar scheme by count ing the  number of c o l l i s i o n s  wi th  
the  t r a f f i c  cones used t o  o u t l i n e  t es t  "roads." A s  a s t a r t  i n  da t a  co l -  
l e c t i n g  f o r  the  p re sen t  work, the  t ime-on-target  approach w a s  used. The 
t a r g e t  w a s  a r b i t r a r i l y  s e l e c t e d  as the  veh ic l e  width,  and percentage t i m e  
f o r  keeping t h i s  t a r g e t  over t he  l i n e  w a s  recorded f o r  each d r i v e r .  This 
approach d i d  no t  y i e l d  s u f f i c i e n t  information i n  our experiments,  s o  we 
decided t o  make a photographic record of each-experimental  run. 

A photographic record  w a s  obtained by tak ing  16  m i l l i m e t e r  movie 
p i c t u r e s  from the  top of a 50 f o o t  tower i n  t h e  c e n t e r  of the f i e l d .  The 
camera w a s  equipped wi th  a t e l epho to  l ens  s o  t h a t  t he  veh ic l e  and i t s  
immediate surroundings could be seen c l e a r l y .  

To r e c r e a t e  the  behavior  of the  v e h i c l e  dur ing  t-he experimental  
runs ,  a r ec t angu la r  coord ina te  system w a s  marked out  on the f i e l d .  It 
w a s  f e l t ,  however, t h a t  t he  d r i v e r s  might use the  g r i d  l i n e s  f o r  guid- 
ance i n  t r ack ing  i f  t he  g r i d  l i n e s  appeared i n  the  t e l e v i s i o n  p i c t u r e s  
seen a t  the c o n t r o l  s t a t i o n .  For t h i s  reason a complete gridwork w a s  
no t  drawn ac ross  the  f i e l d ,  and only the i n t e r s e c t i o n  po in t s  w e r e  
marked. These c ros ses  w e r e  no t  apparent  t o  the  t e s t  d r i v e r s ,  but  were 
c l e a r € y  seen  by the  movie camera looking down from the  recording tower. 

Af t e r  the  experimental  runs w e r e  recorded on movie f i lm ,  i t  w a s  
necessary  t o  examine t h e  f i lms  frame by frame s o  t h a t  runs could be re- 
cons t ruc ted  on paper.  This w a s  done on a s c a l e  where 15 f e e t  on the  
f i e l d  w a s  reduced t o  one inch on the  drawings. Both the  white  l i n e  
being t racked  and t h e  a c t u a l  performance of t h e  v e h i c l e  w e r e  reproduced 
f o r  each experimental  run.  F i n a l l y ,  the  l a rge  drawings w e r e  photo- 
g raph ica l ly  reduced f o r  i n c l u s i o n  i n  t h i s  p a p e r .  

This may s e e m  l i k e  an  e l a b o r a t e  way t o  o b t a i n  d a t a ,  but i t  p e r -  
m i t s  a d e t a i l e d  view of  each t r ack ing  performance. Each performance 
can be examined as a whole. System i n s t a b i l i t i e s  can bc observed, and 
the  way i n  which c o n t r o l  i s  recovered fol lowing e r r o r s  can be seen.  The 
p l aces  where i n s t a b i l i t i e s  are e x c i t e d  is  apparent .  

Numerical conclus ions  can be obta ined  from these  performance 
p a t t e r n s .  Root mean square va lues  of t r ack ing  e r r o r  can be determined 
t o  c h a r a c t e r i z e  each run  by a s i n g l e  number. Undue emphasis, however, 
should no t  be placed on a s i n g l e  i d e n t i f y i n g  number. E n t i r e l y  d i f f e r e n t  
t r ack ing  performances may have the  s a m e  RMS number. RMS va lues  should 
only be used i n  conjunct ion  wi th  observa t ions  of t he  performance p a t t e r n s ,  
I n  t h i s  way, they are h e l p f u l  i n  e s t a b l i s h i n g  r e l a t i v e  performance l e v e l s .  
I n  determining RMS va lues ,  t r ack ing  e r r o r s  w e r e  measured a t  one inch 
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spacing along the  reproduct ion  of t h e  whi te  l i n e  on t h e  l a r g e  draw- 
ings .  This  w a s  done be fo re  t h e  drawings were photographica l ly  re -  
duced f o r  t h i s  paper.  

The va lues  of t r ack ing  e r r o r  taken a t  t h e s e  measurement s t a t i o n s  
a r e  shown i n  t h e  frequency d i s t r i b u t i o n  i l l u s t r a t i o n s .  These i l l u s -  
t r a t i o n s  permit a r ap id  v i s u a l i z a t i o n  of t h e  t r a c k i n g  accuracy. By 
n o t i c i n g  t h e  way i n  which t h e  frequency d i s t r i b u t i o n  graphs are e i t h e r  
spread out  over a wide range o r  are c l c s e l y  bunched about a mean va lue ,  
a comparative eva lua t ion  of  the  runs can be made. Since the  mean 
'values  for a l l  t h e  recorded runs  a r e  n e a r l y  zero ,  displacements  a r e  
measured from the  whi te  l i n e  being followed. 

Another advantage i n  having a complete photographic record of 
t r ack ing  behavior i s  t h a t  u s e f u l  t ime-on-target d a t a  can be obtained.  
One o f  t h e  major d i f f i c u l t i e s  i n  scor ing  by t ime-on-target means i s  
i n  choosing t h e  t a r g e t  s i z e .  This  leaves one i n  t h e  uncomfortable 
p o s i t i o n  of having t o  defend the  t a r g e t  s i z e  s e l e c t e d .  What i s  t h e  
l o g i c a l  t a r g e t  s i z e ?  How much leeway i s  permi t ted  before  a t r a c k  i s  
considered unacceptable? What t a r g e t  width can be s e l e c t e d  so t h a t  
t h e  experimental  r e s u l t s  w i l l  be of gene ra l  i n t e r e s t  f o r  cases  us ing  
d i f f e r e n t  v e h i c l e s ,  and f o r  cases  where d i f f e r e n t  d r i v i n g  accu rac i e s  
a r e  requi red?  By us ing  t h e  informat ion  a v a i l a b l e  from a complete 
t r a c i n g  of  d r i v i n g  performances,  graphs can be obta ined  showing p l o t s  
of  percentage t ime-on-target ve r sus  t a r g e t  s i z e .  This  provides  a 
se l f - se rv ice  arrangment where the  reader  may s e l e c t  t he  t a r g e t  s i z e  
b e s t  s u i t e d  f o r  h i s  p a r t i c u l a r  needs.  

The percentage t ime-on-target can be obta ined  f o r  a given 
t a r g e t  s i z e .  Conversely, i f  a minimum time-on-target performance 
record  i s  s p e c i f i e d ,  t h e  minimum acceptab le  t a r g e t  s i z e  can be 
found. This  makes i t  p o s s i b l e  t o  f ind  the  minimum spacing between 
obs t ac l e s  t h a t  can be considered i n  s e l e c t i n g  a d i r e c t i o n  of t r a v e l .  
I f  no e r r o r s  a r e  permi t ted ,  t h e  minimum t a r g e t  width f o r  100% time- 
on-target  can be used i n  e s t a b l i s h i n g  the  minimum s i zed  "road" th t 
the  v e h i c l e  can fol low without  d i f f i c u l t y .  

2. TRACKING DATA 

Figs.  A 1  through A l l  show t h e  t r ack ing  a b i l i t i e s  of rwo oper- 
a t o r s  who a r e  i d e n t i f i e d  as Dr ive r  A and Driver B. The RMS e r r o r  
va lues  f o r  t h e s e  runs  are t abu la t ed  below. Where d u p l i c a t e  runs were 
made, t he  combined RMS va lues  are a l s o  given.  Three t y p i c a l  curves  a r e  
included i n  t h i s  s e c t i o n ,  i n  F ig .  27, t o  show a comparison of  no de lay  
and de lay  d r i v i n g  wi th  and without  a p r e d i c t o r .  
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(a) WITHOUT DELAY 

i ,.... 

(b) 2 . 6  SEC.  DELAY - WITHOUT PREDICTOR 

,111 A 

( c )  2.6 SEC. DELAY - WITH PREDICTOR 

F i g .  27 COMPARISON OF TRACKING PERFORMANCES 
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COMBINED SIGNAL TRANS. 
FIGURE DlUVER LAG. WITH PRED. RMS ERROR RMS ERROR 

A 1  A 0 sec. 
A2 A 0 
A 3  A 2.6 
A4 A 2.6 
A 5  A 2.6 
A6 A 2.6 
A7 B 0 
A8 B 0 
A9 B 2.6 
A10 B 2.6 
A 1  1 B -  _ _ _  2 . 6  . -. - - 

no 
no 
no 
no 
Yes 
Yes 
no 
no 
no 
Yes 

_yess. - .  _ _  

0.76 f t .  0.75 f t .  
0.77 
9.75 7.67 
5.59 
2.03 1.72 
1.40 
0.42 0.64 
0.86 
6 .61  6.61 

2.64 2.85 
- _ .  3.06-  _ - - - . _ -  - 

TABLE 1 TABULATED TRACKING DATA 

The runs where a s i g n a l  t ransmiss ion  l a g  i s  i n s e r t e d  but  where 
t h e  p r e d i c t o r  i s  not  used show a g r e a t  d e a l  of i n s t a b i l i t y .  
shows a v i o l e n t  o s c i l l a t i o n  near  t h e  beginning of  t h e  run ,  a per iod 
where t h e  d is turbance  d i e s  o u t ,  and a f i n a l  p o r t i o n  where o s c i l l a t i o n s  
a r e  exc i t ed  once again.  The photographic  record terminated before  the  
run  w a s  completed, so the  curve does not  show the  consequences of the 
f i n a l  o s c i l l a t i o n s .  The o t h e r  two unaided bu t  delayed runs a l s o  show 
i n s t a b i l i t i e s  and p o s i t i o n s  where t h e  o s c i l l a t i o n s  a r e  temporar i ly  
damped. Some numerical spread appears  i n  t h e  RMS va lues  and r e f l e c t s  
t he  e r r a t i c  behavior  of d r i v i n g  without  a p r e d i c t o r  when time de lays  
a r e  p re sen t .  

F ig .  27b 

The p r e d i c t o r  runs  a l s o  show t h a t  Dr ive r  A i s  b e t t e r  ab le  t o  t r a c k  
wi th  a p r e d i c t o r  than  Dr ive r  B. 
va lues  a r e  c l o s e  t o  t h e  case  of  a t h r e e  foo t  v e h i c l e  which i s  j u s t  ab l e  
t o  s t r a d d l e  t h e  l i n e .  It i s  expected t h a t  performance v a r i e s  between 
ind iv idua l s .  Presumably, w i th  a more r igo rous  s e l e c t i o n  process .  we 
could d iscover  d r i v e r s  wi th  an even b e t t e r  performance a b i l i t y .  The 
r e s u l t s  of Dr iver  A e s t a b l i s h  a lower bound of performance f o r  t h i s  man- 
machine system. 
s t a r t e d  wi th  an  e r r o r  t h a t  w a s  damped out  r ap id ly .  
t h i s  run w a s  l a r g e l y  due t o  t h i s  e r r o r .  

I n  f a c t ,  Dr ive r  A ' s  p r e d i c t o r  RMS e r r o r  

An examination of F ig .  27c a l s o  shows t h a t  t he  run  
The RMS va lue  f o r  

Figs. 28 and 29 a r e  frequency d i s t r i b u t i o n  records  of Dr iver  A 
and Driver B ' s  t r ack ing  a b i l i t i e s .  The frequency d i s t r i b u t i o n  in fo r -  
matioE rep resen t s  t he  e r r o r s  measured a t  t h e  evenly-spaced s t a t i o n s  
along the  white  l i n e .  The r e s u l t s  show how accura t e ly  the  performance 
without c e n t e r s  on t h e  white  l i n e .  The t h r e e  center-most b a r s  combine 
t o  show the  a b i l i t y  t o  s t r a d d l e  the  whi te  l i n e  wi th  our  t h r e e  foot  wide 
veh ic l e .  

Table 2 and Figs .  30 and 31 show t h e  percentage t ime-on-target 
f o r  t a r g e t s  of va r ious  widths .  
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P 

VEHICLE TO 
L E F T  OF LINE 

F E E T  O F  TRACKING ERROR 

30 t 

10 

2o 0 I lb--i 

F i g .  28 TRACKING ERROR FREQUENCY D I S T R I B U T I O N  - DRIVER A 
( a )  w i t h  no s i g n a l  t r a n s m i s s i o n  l a g  
( b )  w i t h  2 . 6  seconds  s i g n a l  t r a n s m i s s i o n  l a g  and with p r e d i c t o r  
( c )  w i t h  2 . 6  seconds  s i g n a l  t r a n s m i s s i o n  l a g  and w i t h o u t  p r e d i c t o r  
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. . ... - 
TARGE.T-i ~~ 

D FEET -_. 

1 ft. 

3 

5 

7 

9 

11 

13 

15 

17 

19 

2 1  

23 

25 

27 

29 

3 1  

33 

35 

37 

39 
. . -. _. . . . - - .. 

. - .- -~ ~ 

LMETER 
D 

v T  
- 

0.05 

0.16 

0.27 

0.38 

0.49 

0.60 

0 .74  

0 .81  

0.92 

1.07 

1.16 

1.28 

1.35 

1.45 

1.56 

1.67 

1.78 

1.89 

1.98 

2.10 
? -  - 

. .  
I .. 

NO 
.DELAY- 

49.5% 

96.7  

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 
- _ .  - 

IVER A 
DE LAY 

KO. P-GD 

7.0% 

27.0 

40.0 

48.0 

51.0 

58.0 

63.0 

69.0 

78.0 

82 .0  

87 .0  

87 .0  

90 .0  

90 .0  

92 .0  

94 .0  

94 .0  

96 .0  

98 .0  

100.0 
. . - . . . - 

- 
WITH 
PRED. 

21.2% 

69.8 

85.5 

94.5 

97 .1  

98.2 

99.2 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 
- -_i_ 

. -- 
. _  
NO 

DELAY- 

56.6% 

96.4 

LOO.0 

LOO. 0 

LOO. 0 

LOO. 0 

LOO. 0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 
_._ .- 

)RIVER B 
DE LAY 

_NO. P E D .  

5.3% 

15.9 

28 .1  

49 .2  

52.8 

65 .1  

70 .4  

77.4 

82.7 

89.8 

93 .4  

95.2 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 _ _  

WITH 
PRED. 

18.7% 

58.9 

72 .0  

83.2 

88.8 

90.6 

93 .4  

96.2 

99 .0  

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

T A B U  2 TIME-ON-TARGET VERSUS TARGET SIZE 
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Fig .  31 TRACKING - DRIVER B 



D .  MAZE EXPERIMENT 

1. TEST PROCEDURE 

The method of scor ing  t h e  maze experiment i s  somewhat d i f f e r e n t  
than t h e  method used t o  sco re  t h e  t r a c k i n g  experiments.  Between wickets ,  
d r i v e r s  are  f r e e  t o  choose any means of maneuvering t h a t  they d e s i r e .  
T h e i r  performances i n  these  open a r e a s ,  however, in f luence  t h e i r  approaches 
t o  each wicket,  and hence, t he  accuracy with which the  wickets  are  nego- 
t i a t e d .  The wickets  themselves c o n s i s t  of two p a r a l l e l  rows of t r a f f i c  
cones and are  15 f e e t  long by 10 f e e t  wide. The wickets  w e r e  pos i t ioned  
a s  shown i n  F i g .  3 2 . 0  90 
wickets  1 and 2 ,  180 
of t o t a l  tu rn ing  a c t i v i t y  between 3 and 4 .  This  permi ts  a comparison of 
approach complexity on t h e  a b i l i t y  t o  s u c c e s s f u l l y  thread t h e  wickets .  
A s  with t h e  t r a c k i n g  experiments,  t h e  maze performances w e r e  recorded on 
f i l m .  I n  t h e  same way, t h e  f i l m  record w a s  converted t o  a permanent 
t r a c i n g  of t h e  r u n s ,  us ing  a s c a l e  of one inch equals  15 f e e t ,  and then 
t h e  t r a c i n g s  were photographical ly  reduced f o r  p r e s e n t a t i o n  with t h i s  
paper .  

0 of turn ing  e f f o r t  i s  r e q u i r e d  t o  t r a v e l  between 
of t o t a l  tu rn ing  e f f o r t  between 2 and 3, and 270' 

0 The viewing angle  (53 ) of the  t e l e v i s i o n  camera mounted on t h e  
v e h i c l e  res t r ic ts  t h e  angle  of v i s i o n  t o  t h e  e x t e n t  t h a t  t h e  wickets 
a r e  l o s t  t o  view when d r i v i n g  between wicke ts .  I f  t he  wickets  were 
p o s i t i o n e d  so  t h a t  each could b e  kept  i n  t h e  f i e l d  of v i s i o n  during 
t h e  e n t i r e  run from the  preceding wicket ,  t h e  s i t u a t i o n  would be s i m i l a r  
t o  p l a c i n g  t h e  wickets  a long t h e  curve used i n  t h e  t r a c k i n g  experiment. 

The maze shown i n  F i g .  32 d e l i b e r a t e l y  spaces  t h e  wickets f a r  
a p a r t  so t h a t  involved maneuvering between them i s  r equ i r ed .  The f a c t  
t h a t  t h e  goal  may be  l o s t  from s i g h t  during maneuvers i n  the  open spaces 
i s  p a r t  of t h e  handicap imposed on t h e  d r i v e r s .  This  handicap s imula tes  
t h e  r e a l - l i f e  s i t u a t i o n  where d r i v e r s  seek l i m i t e d  o b j e c t i v e s  which may 
be temporar i ly  obscured from view dur ing  maneuvers. 

I n  most ca ses ,  t h e  run between wickets  involves  a d i s t a n t  view 
of t h e  o b j e c t i v e  followed by a per iod  i n  which t h e  opera tor  d r i v e s  b l ind  
and must base h i s  s t e e r i n g  dec is ions  on h i s  o r i g i n a l  view of t h e  goa l .  
F i n a l l y ,  a s  t h e  d r i v e r  approaches a wicket ,  i t  reappears ,  and he has a 
b r i e f  per iod  i n  which h e  can a d j u s t  h i s  approach. 

One means of eva lua t ing  d r i v i n g  s k i l l  i s  t o  s tudy t h e  performance 
t r a c i n g s .  I n  doing s o ,  t h e  var ious  p a r t s  of t h e  a c t i o n  should be observed. 
Rea l iz ing  t h a t  t h e  angle  of view of t h e  v e h i c l e ' s  t e l e v i s i o n  camera i s  
5 3 O  centered about t h e  tangent  t o  t h e  p a t h  of t r a v e l ,  t h e  e x t e n t  of t h e  
b l i n d  per iod of d r i v i n g  can be observed. This  procedure shows t h e  
v e h i c l e  l o c a t i o n  where t h e  observer recovers  h i s  view of each wicket a s  
i t  i s  being approached. It  should a l s o  be remembered t h a t  when d r i v i n g  
wi th  a s i g n a l  t ransmission l a g ,  d r i v i n g  i n s t r u c t i o n s  a r e  programmed a 
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cons iderable  d i s t a n c e  beyond the  p o i n t  a t  which t h e  wicket  f i r s t  i s  seen. 
Las t  minute maneuvers based on t h i s  v i e w  can  not  occur  u n t i l  t he  v e h i c l e  
has  t r a v e l l e d  t h i s  e x t r a  d i s t a n c e  r ep resen t ing  one de lay  per iod  of  travel.  
A t  a speed of  7.1 f e e t  pe r  second, and w i t h  a de lay  of 2.6 seconds, t h e  
advanced p o i n t  l e a d s  t h e  v e h i c l e  by 18.3 f e e t .  On a number of  t r a c i n g s  
presented ,  t h e  p o i n t s  A and B are shown f o r  convenience on the  wicket  
approaches. These l e t t e r s ,  r e s p e c t i v e l y ,  i n d i c a t e  t h e  p l ace  where t h e  
d r i v e r  f i r s t  recovers  h i s  view of  t h e  wicket, and t h e  po in t  beyond 
which h i s  next  s t e e r i n g  c m a n d  can t ake  e f f e c t .  

Scoring w i t h i n  t h e  wicket i s  achieved by weight ing the  accuracy 
wi th  which t h e  wicke ts  are negot ia ted .  F ig .  33 shows t h e  weight ing 
arrangement used. S inusoida l  weight ing i s  used t o  provide a high score  
f o r  d r i v i n g  through t h e  wicke ts  c l ean ly ,  t o  g ive  a s l i g h t  i nc rease  f o r  cen- 
t e r i n g  t h e  course as t h e  d r i v e r s  t r i e d  t o  do,  and t o  g ive  a small c r e d i t  
i f  the  t r a f f i c  cones w e r e  h i t  bu t  t h e  performance w a s  c lose  t o  succeeding. 
I n  looking a t  such numbers, i t  i s  w e l l  t o  cons ider  t h e  inf luence  t h a t  t h e  
b l i n d  p o r t i o n  has  on t h e  q u a l i t y  of  t h e  approach. I n  some cases  t h e  
approach i s  so poor t h a t  i t  i s  impossible  t o  d r i v e  through a wicket.  I n  
these  cases, t h e  low score  i s  almost e n t i r e l y  an  i n d i c a t i o n  of poor ap- 
proach r a t h e r  t han  poor judgement a f t e r  t h e  o b j e c t i v e  reappears  i n  view. 

2. MAZE EXPERIMENT DATA 

The r e s u l t s  of t he  maze experiment are shown i n  Figs .  A12 through 
A25. 
from l e f t  t o  r i g h t  i n  t h e  wicket sequence o f  1 through 4 ,  and some w e r e  
vice versa .  This  g ives  an  oppor tuni ty  t o  compare t h e  two d i r e c t i o n s  of  
t r a v e l  between each wicket  p a i r .  The sco r ing  of  s t e e r i n g  accuracy through 
each wicket i s  shown i n  Table 3 .  A s u b j e c t i v e  r a t i n g  i s  included f o r  each 
record t o  i n d i c a t e  i f  t h e  d r i v e r  had an  e x c e l l e n t  (E) ,  good (G),  poor (P) ,  
o r  no (N) chance of  n e g o t i a t i n g  each maze when i t  appeared i n  h i s  f i e l d  
of v i s ion .  The photographic record of Dr ive r  A ' s  run  without  de lay  d id  
not  come out .  However, t he  w r i t t e n  r eco rds  i n d i c a t e  t h a t  he drove the  
v e h i c l e  through t h e  wicke ts  without  d i f f i c u l t y .  

A s  i nd ica t ed  by t h e  arrows i n  t h e  drawings,  some runs were made 

A g r e a t  d e a l  can be learned  about  d r i v i n g  performance by fol lowing 
t h e  v e h i c l e  behavior  shown on t h e  t r a c i n g s  and by r econs t ruc t ing  the  prob- 
l e m s  fac ing  t h e  d r i v e r  dur ing  each maneuver. When examining each drawing, 
t h e  p l aces  where t h e  ope ra to r  i s  d r i v i n g  b l i n d  can be separated from those 
where he can see  h i s  ob jec t ive .  To i l l u s t r a t e  t h e  method of ana lys ing  curves,  
two experimental  runs  are considered i n  d e t a i l  i n  t h e  following panagraphs. 
Comparative maze performances are shown i n  F ig .  34. The t r a f f i c  cones 
forming t h e  wicke ts  are shown as d o t s .  
i n d i c a t e  t h e  t r a f f i c  cones t h a t  were knocked down i n  each experimental  run. 

Radia t ing  l i n e s  around these  d o t s  

Fig.  34(b) i s  a performance by Driver A s t e e r i n g  the  v e h i c l e  from 
l e f t  t o  r i g h t  through t h e  maze. A s i g n a l  t ranmiss ion  l a g  of 2.6 seconds 
w a s  used and t h e  d r i v e r  d i d  not  have t h e  b e n e f i t  o f  t h e  p r e d i c t o r .  The 
run  s tar ts  wi th  a n  e x c e l l e n t  chance of  g e t t i n g  through t h e  f i r s t  wicket 
without  d i f f i c u l t y .  The d r i v e r ' s  o b j e c t i v e  w a s  t o  make a r i g h t  t u r n  
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immediately a f t e r  pass ing  through t h e  wicket  so  t h a t  he would have more 
maneuvering room f o r  h i s  approach t o  t h e  second wicket .  Unfortunately,  
he misjudged t h e  e f f e c t s  of  t h e  s i g n a l  t ransmiss ion  l a g ,  made t h e  t u r n  
too  soon, and drove through t h e  s i d e  of  t h e  wicket .  However, t h i s  poor 
maneuver d i d  leave  him wi th  an  e x c e l l e n t  chance t o  d r i v e  through t h e  
second wicket c o r r e c t l y .  The second wicket  came back i n t o  the  d r i v e r ' s  
view as he w a s  completing t h e  l e f t  t u r n  t h a t  followed t h e  o r i g i n a l  r i g h t  
t u rn .  By t h a t  t ime, s t e e r i n g  i n s t r u c t i o n s  had a l r eady  been programmed 
t o  c a r r y  t h e  v e h i c l e  t o  t h e  next  sharp bend t o  h i s  r i g h t .  

The quick maneuver i n  f r o n t  o f  t h e  second wicket w a s  made immedi- 
a t e l y  by t h e  d r i v e r .  It w a s  c l o s e  t o  succeeding. Likewise, t h e  t h i r d  
wicket  w a s  almost negot ia ted  wi thout  d i f f i c u l t y .  The magnitude of t h e  
c o r r e c t i v e  a c t i o n  t ak ing  p l ace  w i t h i n  t h e  wicket  i s  a demonstrat ion of 
t h e  exaggerated motions t h a t  gene ra l ly  occur  f o r  unaided d r i v i n g  wi th  
de lay .  The e x t e n t  o f  t h e  b l i n d  d r i v i n g  pe r iod  between wickets  3 and 4 
i s  much g r e a t e r  t han  between t h e  o t h e r  wicke ts .  The d r i v e r  s a w  t h e  
wicket as he w a s  completing t h e  l a r g e r  t u r n  i n  f r o n t  of i t .  By then ,  
s t e e r i n g  i n s t r u c t i o n s  had been s e n t  t o  s teer  the  v e h i c l e  c l o s e  t o  the  
wicket.  
v e h i c l e ,  t h e  e f f e c t  w a s  t o  o v e r s t e e r ,  causing t h e  v e h i c l e  t o  m i s s  t he  
wicket by a g r e a t e r  margin than  i f  t h e  i n s t r u c t i o n  had not  been sen t .  

When t h e  d r i v e r ' s  s t e e r i n g  adjustment  commands had reached t h e  

Fig.  34(c) i s  i d e n t i c a l  t o  t h e  preceding s i t u a t i o n  except t h a t  
t h e  d r i v e r  had t h e  b e n e f i t  of t h e  p r e d i c t o r .  L i t t l e  a c t i o n  w a s  needed 
t o  g e t  through wicket 1. Wicket 2 w a s  f i r s t  seen when t h e  veh ic l e  reached 
po in t  A ,  and s ince  a l r eady  programmed i n s t r u c t i o n s  committed the  v e h i c l e  
t o  cont inue on t o  p o i n t  B ,  t h e  wicket  th reading  adjustments  occurred be- 
tween po in t  B and t h e  wicket.  Wicket 3 w a s  a l s o  threaded w e l l ,  t h e  
d r i v e r  having p l e n t y  of  time and oppor tuni ty  t o  make en t rance  ad jus t -  
ments. 
t o  perform a g r e a t  d e a l  of b l i n d  maneuvering. The wiggles  i n d i c a t e  an 
u n c e r t a i n t y  on h i s  p a r t  as t o  when t o  make b l i n d  t u r n s .  The wicket 
w a s  overshot  dur ing  t h i s  per iod  and reappeared when the  v e h i c l e  reached 
po in t  A. A t  t h i s  time i n s t r u c t i o n s  had a l r eady  been sen t  t o  steer the  
v e h i c l e  t o  B as t h e  d r i v e r  doubled back, looking f o r  h i s  ob jec t ive .  
When t h e  d r i v e r  s a w  the  wicket ,  he made a quick maneuver us ing  the  min- 
imum tu rn ing  r a d i u s ,  and nea r ly  succeeding i n  pass ing  through the  
wicket.  Had he seen  t h e  wicket a l i t t l e  e a r l i e r ,  he would have prob- 
ab ly  d r iven  through i t  success fu l ly .  

Between 3 and 4 t h e  d r i v e r  w a s  plagued by the  problem of  having 

This  kind of  a n a l y s i s  i n d i c a t e s  t h a t  t h e  p r e d i c t o r  i s  of he lp  
f o r  t h e  t i g h t  maneuvers requi red  i n  e n t e r i n g  and d r i v i n g  through the  
wickets .  The d r i v e r s  repor ted  t h a t  they  gene ra l ly  d i d  not use  the  pre- 
d i c t o r  dur ing  b l ind  pe r iods ,  s i n c e  they  were d r i v i n g  i n  unobstructed 
a reas .  The major d i f f i c u l t y  w a s  t h a t  they  d i d  not  have s u f f i c i e n t l y  
advanced views of  t he  upcoming wicliets. A wider  angle  l e n s  on the  t e l e -  
v i s i o n  camera seems t o  be e s s e n t i a l  f o r  t h e  success  of  r e a l - l i f e  s i t u a t i o n s  

The scor ing  numbers p a r t l y  i n d i c a t e  t h e  a b i l i t y  t o  thread  the  
wicke ts  and p a r t l y  r e f l e c t  t he  success  of  t h e  maneuvers during the  b l i n d  
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periods.  These numbers do no t  show any p a r t i c u l a r  d i f f e r e n c e  between 
the 90° maneuvers between wickets  1 and 2 ,  and the  180' maneuvers be- 
tween 2 and 3 .  They do show, however, t h a t  -it i s  more d i f f i c u l t  t o  
maneuver i n t o  a good p o s i t i o n  from which t o  e n t e r  wicket 4. 
show t h a t  i t  i s  more d i f f i c u l t  t o  perform 270' maneuvers from 3 t o  4 
than the  reversed  s i t u a t i o n  of going from 4 t o  3 .  This i s  r e l a t e d  t o  
the  f a c t  t h a t  t h e r e  w a s  more time f o r  adjustment a f t e r  t he  ob jec t ive  w a s  
s igh ted  when d r i v i n g  from wicket 4 t o  wicket 3 than the re  w a s  when going 
from wicket 3 t o  wicket  4. 

They a l s o  

E. RANDOM FIELDS 

A s  one moves from t r ack ing  tests towards d r i v i n g  i n  a f i e l d  of 
s c a t t e r e d  obs t ac l e s ,  it becomes more d i f f i c u l t  t o  express  conclusions 
i n  number form. One p o s s i b i l i t y  i s  t o  count obs t ac l e  h i t s .  Another 
p o s s i b i l i t y  i s  t o  measure the  time requi red  t o  reach  a d i s t a n t  goal.  
A p a r t i c u l a r l y  s t i c k y  problem i s  how t o  score  the  combinations of d r iv ing  
time and obs t ac l e  h i t s .  The weighting dec i s ion  i s  s i m i l a r  t o  t ry ing  t o  
decide how many oranges equal  one apple .  The r e l a t i v e  importance i s  
dependent on how the  problem i s  presented t o  the  t e s t  d r i v e r .  I f  he i s  
t o l d  t o  n e g o t i a t e  an  obs t ac l e  f i e l d  c l ean ly ,  the  time of the  run would 
be the  dec id ing  f a c t o r ,  and any runs with obs t ac l e  c o l l i s i o n s  would be 
marked as t o t a l  f a i l u r e s .  &I the  o the r  hand, i f  the  problem i s  p re -  
sen ted  as measuring the accuracy of d r iv ing  through a uniform f i e l d  of 
obs t ac l e s ,  the number of c o l l i s i o n s  would be a primary measure of success .  

With an eye t o  f u t u r e  t e s t i n g ,  w e  conducted some explora tory  
tes ts  of d r i v i n g  through a random f i e l d  of obs t ac l e s .  This experience 
ind ica t ed  t h a t  i t  w i l l  be important i n  f u t u r e  s tudy  t o  observe the  e f -  
f e c t s  of varying d e n s i t i e s  of obs t ac l e  f i e l d s  on d r i v i n g  performance. 
I n  t h i s  exp lo ra to ry  look i n t o  random f i e l d s ,  the  i l l u s i o n  of a " f loa t ing"  
p r e d i c t i o n  marker w a s  encountered, This i s  the  r e s u l t  of hav'ing t o  
superimpose two t e l e v i s i o n  p i c t u r e s ,  wi th  the  i n e v i t a b l e  r e s u l t  of 
ghost ing.  To i l l u s t r a t e :  when the p red ic t ion  marker i s  dr iven  around 
behind an  obs t ac l e ,  i t  i s  n o t  hidden from view by the  obs t ac l e ,  bu t  i s  
seen as i f  the  o b s t a c l e  w e r e  t ransparent .  The d r i v e r  i s  then confronted 
wi th  the problem of having t o  convince himself t h a t  the  p red ic t ed  spot  
l i e s  on the  ground behind the  obs t ac l e  in s t ead  of " f loa t ing"  in the  a i r  
i n  f r o n t  of the obs t ac l e .  

F. SUBJECTIVE REACTIONS 

Severa l  d r i v e r  r e a c t i o n s  and experiences have a l r eady  been men- 
t ioned.  I n  t h i s  s e c t i o n  s u b j e c t i v e  r e a c t i o n s  are d iscussed .  

The f i r s t  i t e m  concerns the  method of s t e e r i n g .  A s  mentioned i n  
the  d e s c r i p t i o n  of t h e  equipment, a displacement c o n t r o l  i s  used. 
i s  i n  keeping wi th  r e fe rences  t h a t  show t h a t  displacement c o n t r o l s  are 

This 
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b e t t e r  than  v e l o c i t y  c o n t r o l s  and o t h e r  h igher  o rde r  c o n t r o l s .  A t  t he  
same time, t he  displacement c o n t r o l  r e q u i r e s  con t inua l  t u rn ing  a c t i o n  and 
d i f f e r s  i n  t h i s  r e s p e c t  from automobile behavior  wi th  which both d r i v e r s  
were acquainted.  They i m e d i a t e l y  concluded t h a t  they  wculd p r e f e r  a n  
automobile type s t e e r i n g .  I n  f a c t ,  one d r i v e r  prepared a ske tch  of how 
t h e  s t e e r i n g  could be modified t o  the  automobile arrangement. However, 
a f t e r  some experience wi th  the  displacement c o n t r o l s ,  both d r i v e r s  
found t h i s  arrangement t o  be d e s i r a b l e .  Driver A r e p o r t s  t h a t  he l i k e s  
t h e  extra s t e e r i n g  a c t i v i t y ;  i t  keeps him busy and loose .  Driver B 
f e e l s  t h a t  a displacement c o n t r o l  permi ts  more s t a b l e  d r iv ing .  Since 
t h e  opera tor  has  t o  t u r n  t h e  s t e e r i n g  wheel through a l l  t h e  angular  
changes of  t h e  v e h i c l e ,  he f e e l s  t h a t  t h i s  e f f o r t  t ends  t o  i n h i b i t  over- 
s t e e r i n g  and i n s t a b i l i t y .  

When d r i v i n g  wi th  a s i g n a l  t ransmiss ion  l a g  and no p r e d i c t o r ,  
t h e  d r i v e r s  found i t  h e l p f u l  t o  s t e e r  i n  a b u r s t  of a c t i v i t y .  Here 
they would command a l a r g e  t u r n  and then  w a i t ,  i f  p o s s i b l e ,  t o  observe 
the  r e s u l t s  before  making t h e  next  t u rn .  Dr iv ing  performance improves 
when they have an oppor tuni ty  t o  sepa ra t e  t h e  j o b  i n t o  a s e r i e s  of i so -  
l a t e d  maneuvers. 

When d r i v i n g  without  t he  p r e d i c t o r ,  t h e  d r i v e r s  a l s o  made use  of 
r e l a y  no i ses  t h a t  occur wi th  each input  c m a n d .  By l i s t e n i n g  t o  these  
c l i c k i n g  no i ses ,  they  received an  immediate feedback, r e i n f o r c i n g  t h e  
pos i t i on ing  feedback obtained through t h e i r  hands,  desc r ib ing  the  amount 
by which the  s t e e r i n g  wheel w a s  turned.  They d i d  not  u se  the  audib le  feedback 
when t h e  p r e d i c t o r  w a s  used, though i t  d i d  he lp  them i n  determining both 
t h e  magnitude of  each t u r n  and t h e  ra te  a t  which each t u r n  w a s  made. 
With the  p r e d i c t o r ,  they p re fe r r ed  t o  concen t r a t e  on t h e  motion of the  
p r e d i c t i o n  marker. These observa t ions  can be summarized by saying t h a t  
t h e  ope ra to r s  p r e f e r r e d  the  v i s u a l  feedback of  watching t h e  p r e d i c t i o n  
marker. I n  the  absence of t h e  marker,  they  used t h e  audib le  feedback 
t o  r e i n f o r c e  t h e  pos i t i on ing  feedback of t u rn ing  t h e  s t e e r i n g  wheel. 

The next  i tem t o  cons ider  i s  the  t e l e v i s i o n  d i sp lay .  Both the  
d r i v e r s  f e e l  t h a t  t h e i r  performances a r e  adverse ly  a f f e c t e d  by not  
having a wider viewing angle .  
angle  a r e  descr ibed  i n  t h e  maze experiment d i scuss ion .  It i s  s t rong ly  
recommended t h a t  means f o r  i nc reas ing  t h e  angle  of v i s i o n  be considered 
and used, i f  p o s s i b l e ,  i n  f u t u r e  s t u d i e s .  

The e f f e c t s  o f  t h e  p re sen t  5 3 O  viewing 

I n  t h e  p re sen t  s tudy we  have not  included t h e  v a r i a b l e  of p i c -  
t u r e  q u a l i t y .  I n  a n t i c i p a t e d  miss ions ,  t h e  t e l e v i s i o n  p i c t u r e s  may 
be of poor q u a l i t y .  
should be inves t iga t ed .  I n  the  course of  our  t r a i n i n g  per iod ,  we ex- 
perienced some occasions of  poor t e l e v i s i o n  p i c t u r e s .  Dr iver  A w a s  a b l e  
t o  d r i v e  w e l l  wi th  a s u r p r i s i n g l y  poor p i c t u r e .  A s  long as he w a s  ab l e  
t o  i d e n t i f y  fragments of t he  white  l i n e ,  he w a s  a b l e  t o  t r a c k  i t  ade- 
qua te ly .  These observa t ions  are i n c i d e n t a l  t o  t h e  primary o b j e c t i v e  of 
t h i s  phase of  t h e  p r o j e c t ,  bu t  they  do i n d i c a t e  a b i l i t y  t o  d r i v e  under 
t r y i n g  condi t ions .  

The o p e r a t o r ' s  a b i l i t y  t o  d r i v e  wi th  poor p i c t u r e s  
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Driver  A s i t s  v e r y  c l o s e  t o  t h e  screen  i n  an  e f f o r t  t o  r e l a t e  
h i s  eyes t o  the  p i c t u r e  a s  t h e  v e h i c l e ' s  t e l e v i s i o n  camera i s  r e l a t e d  
t o  the  scenery.  He f e e l s  t h a t  t h i s  i nc reases  h i s  sensa t ion  of being 
involved i n  the  opera t ion .  

Both d r i v e r s  r e p o r t  t h a t  they are not  d i s t r a c t e d  by noises  and 
o the r  a c t i v i t i e s  i n  the  c o n t r o l  s t a t i o n .  

Both d r i v e r s  f i n d  i t  an  advantage t o  have a second person i n  
the  t ruck .  They f e e l  t h a t  i t  he lps  t o  relieve the  tens ion .  Since they 
are d r iv ing  slowly, they would have time t o  cons ider  t he  suggest ions 
of fe red  by an observer  i n  the  con t ro l  s t a t i o n .  

Both d r i v e r s  would l i k e  t o  be a b l e  t o  s top  and look around before  
en te r ing  involved areas. It i s  recommended t h a t  t h i s  c a p a b i l i t y  be added 
t o  the  equipment. 

G. SUGGESTED AREAS FOR FUTURE WORK 

1. RANDOM OBSTACLE COURSE 

Af te r  the t r ack ing  and maze t e s t s  f o r  t h i s  p r o j e c t  were completed, 
a few explora tory  t e s t s  were made wi th  a random f i e l d  of obs t ac l e s .  This  
experience sugges ts  an experimental  s tudy t o  determine t h e  e f f e c t s  of 
i nc reas ing  the  d e n s i t y  of  a f i e l d  of o b s t a c l e s  on d r i v i n g  performance. 
Upper and lower bounds of performance can be e s t a b l i s h e d  by d r i v i n g  wi th  
and without  s i g n a l  t ransmiss ion  l a g  as a means f o r  eva lua t ing  t h e  pred ic-  
t o r .  For experimental  purposes,  a random p a t t e r n  of obs t ac l e s  could be 
developed and t e s t s  run  wi th  t h i s  random f i e l d  expanded i n  a series of  
s t e p s  t o  provide f i e l d s  of decreas ing  d e n s i t y .  

Fig.  35 shows a specu la t ion  of performance. Comparing these  t h r e e  
types of  d r iv ing ,  i t  i s  reasonable  t o  assume t h a t  performance w i l l  be 
the same f o r  extremely low d e n s i t y  f i e l d s  and extremely high d e n s i t y  
f i e l d s .  I n  the  case of low d e n s i t y  f i e l d s ,  no obs t ac l e s  would be h i t  
r ega rd le s s  of whether o r  not the  v e h i c l e  i s  under p r e c i s e  con t ro l .  I n  
the  case of extremely dense f i e l d s ,  a swath would be c u t  wi th  o r  with- 
out  p r e c i s e  con t ro l .  For in te rmedia te  f i e l d s ,  however, the  c o n t r o l  
o f f e red  by the  p r e d i c t o r  should make t h e  d i f f e r e n c e  between avoiding 
obs t ac l e s  and occas iona l ly  i n t e r c e p t i n g  them. The net r e s u l t  i s  t h a t  
h igher  speeds could be maintained i n  medium d e n s i t y  f i e l d s  i f  a predic-  
t o r  i s  used. A f u t u r e  s tudy i s  recommended f o r  i n v e s t i g a t i n g  t h i s  
m a t t e r  of f i e l d  d e n s i t y  and determining over what range the  p r e d i c t o r  
o f f e r s  a s i g n i f i c a n t  advantage. 

2. COMPUTER SIMUIATION 

The p resen t  development i s  a s imula t ion  of a r e a l - l i f e  s i t u a -  
t i o n ,  and, l i k e  a l l  s imula t ions .  i t  con ta ins  some u n r e a l i t i e s .  The 
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advantage of t he  p re sen t  arrangement over t he  l abora to ry  s imula t ions  i s  
t h a t  i t  permits  a d r i v e r  t o  experience t h e  problems of d r i v i n g  a r e a l  
v e h i c l e  wi th  feedback through a t e l e v i s i o n  d i sp lay .  A t  t h e  same time, 
the  c o l l e c t i o n  of f i e l d  d a t a  i s  both t i m e  consuming and expensive. 

It i s  poss ib l e  t h a t  i n  fu tu re  s t u d i e s ,  a computer may be pro- 
grammed t o  s imulate  adequately t h e  experiences t h a t  a r e  obtained by use 
of an a c t u a l  veh ic l e .  When t h i s  i s  done, t he  p re sen t  equipment can be 
used t o  c a l i b r a t e  and check t h e  v a l i d i t y  of t h e  computer s imulat ions.  
Another p o s s i b i l i t y  i s  t o  o b t a i n  l abora to ry  t r ack ing  d a t a  as a m e a n s  f o r  
expanding f i e l d  d a t a  i f  t h e  proper  r e l a t i o n s h i p  can be found between 
the  two. 

H. CONCLUDING STATEMENT 

This  p r o j e c t  has  r e s u l t e d  i n  t h e  development of a working p r e d i c t o r  
f o r  t h e  remote c o n t r o l  of  v e h i c l e s  where the re  i s  a long s i g n a l  t r ans -  
miss ion  l ag .  The system w a s  evaluated wi th  a s i g n a l  t ransmiss ion  l a g  
of  2 . 6  seconds and a v e h i c l e  speed of 7 . 1  f e e t  pe r  second (near ly  5 mph). 
The r e s u l t s  of t he  t r ack ing  experiments show t h a t  t h e  p r e d i c t o r  makes i t  
poss ib l e  f o r  an ope ra to r  t o  d r i v e  near ly  as w e l l  w i th  a s i g n a l  t r ans -  
miss ion  l a g  a s  he can d r i v e  wi th  no de lay  a t  the  same v e h i c l e  speed. 

The experience gained wi th  d r i v i n g  through a maze shows t h a t  t h e  
When the  p re -  p r e d i c t o r  i s  u s e f u l  where precise maneuvers a r e  requi red .  

d i c t o r  i s  i n  an open f i e l d ,  i t  i s  not needed o r  used,  bu t  when the  d r i v e r  
approaches a wicket ,  he t akes  advantage of t h e  e x t r a  c o n t r o l  provided 
by the  p red ic to r .  

Experience wi th  t h e  maze showed t h a t  a wider angle  view of t h e  land- 
scape i s  needed f o r  t he  v e h i c l e ' s  t e l e v i s i o n  camera. 
used hampered maneuverabilty s ince  it i s  poss ib l e  t o  d r i v e  the  v e h i c l e  
ou t s ide  i t s  f i e l d  of v i s i o n .  I n  many cases, t h e  53' angle  of v i s i o n  pre- 
vented t h e  d r i v e r s  from see ing  the  wicke ts  u n t i l  an i n s u f f i c i e n t  t i m e  w a s  
l e f t  t o  steer the  v e h i c l e  through them. 

The 53O angle  l e n s  

The equipment developed serves  as an e x c e l l e n t  base from which 
t o  conduct f u r t h e r  s t u d i e s  i n t o  t h e  problems of  remote c o n t r o l  wi th  long 
s i g n a l  t ransmiss ion  l ags .  

S tanford  Univers i ty ,  
Stanford,  C a l i f o r n i a .  
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FIG. A 1  TRACKING EXPERIMENT 

7 . 1  f p s  0 sec delay 
DRIVER A WITHOUT PREDICTOR 



FIG. A 2  TRACKING EXPERIMENT 

7.1 f p s  0 sec delay  
DRIVER A WITHOUT PREDICTOR 
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FIG. A3 TRACKING EXPERIMENT 

7.1 f p s  2.6  sec. delay 
DRIVER A WITHOUT PREDICTOR 
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e r t r t e  F I G .  A 4  TRACKING EXPERIWNT 

7.1 f p s  2.6 sec. delay 
DRIVER A WITHOUT PREDICTOR 
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e -e 
FIG. A 5  TRACKING EXPERIMENT 

2 . 6  sec. delay 7 . 1  f p s  
DRIVER A WITH PREDICTOR 



F I G .  A6 TRACKING EXPERIMENT 

7.1 f p s  2.6 sec. delay  
DRIVER A WITH PREDICTOR 



F I G .  A7 TRACKING EXPERIMENT 

7.1 f p s  0 sec .  delay  
DRIVER B WITHOUT PREDICTOR 



F I G .  A8 TRACKING EXPERIMENT 

7.1 f p s  . 0 sec. delay  
DRIVER B WITHOUT PREDICTOR 
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FIG. A10 TRACKING EXPERIMENT 

7 . 1  f p s  2 . 6  sec. delay 
DRIVER B WITH PREDICTOP 



i 1 1 1 1  si FIG. All TRACKING EXPERIMENT 

7.1 f p s  2.6 sec. delay 
DRIVER B WITH PREDICTOR 
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i 1 1 1 1  5 0  

FIG. A12 MAZE EXPERIMENT 

7.1 f p s  2 . 6  s e c .  delay 
DRIVER A WITHOUT PREDICTOR 
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A 

.... 
FIG. A 1 3  MAZE EXPERIMENT 

7.1 f p s  2 . 6  sec. delay  
DRIVER A WITH PREDICTOR 



0 -0 
FIG. A14 MAZE EXPERIMENT 

7 . 1  f p s  2.6 sec. de lay  
DRIVER A WITH PREDICTOR 
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FIG. A 1 5  MAZE EXPERIMENT 

7 . 1  fps  2.6 sec. delay 
DRIVER A WITH PREDICTOR 



FIG.  A 1 6  MAZE EXPERIMENT 

7.1 fps 2.6 sec. delay 
DRIVER A WITH PREDICTOR 
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PIG. A17 MAZE EXPERIMENT 

7.1 fps  2.6 sec. delay 
DRIVER A WITH PREDICTOR 
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FIG. A18 MAZE EXPERIMENT 

0 sec. delay 
WITHOUT PREDICTOR 

7.1 f p s  
DRIVER B 

i 5'0 



FIG. A19 MAZE EXPERIMENT 

7.1 fps  2.6 sec. delay 
DRIVER B W1TW)UT PREDICTOR 



FIG. AZO MAZE EXPERIMENT 

7.1 f p s  2.6 sec. delay 
DRIVER B WITH PREDICTOR 
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0 -0 
FIG. A21  MAZE EXPERIMENT 

7.1 fps 2 . 6  sec. delay 
DRIVER B WITH PREDICTOR 



FIG.  A22 MAZE EXPERIMENT 

2 . 6  8ec. delay 
DRIVER B WITH PREDICTOR 
7 . 1  fps  



FIG. A23 MAZE EXPERIMENT 

7.1 fps  2 . 6  sec. delay 
DRIVER B WITH PREDICTOR 
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FIG. A24 MAZE EXPERIMENT 

7 . 1  fps 2 .6  sec. delay 
DRIVER B WITE PREDICTOR 



I I I i r i l l  5 0  
FIG. A25 MAZE EXPERIMENT 

7 . 1  f p s  2.6 sec. delay 
DRIVER B WITH PREDICTOR 
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F I G .  B 1  TONE G E N E R A T I N G  C I R C U I T  
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FIG. B2 CONTROL STATION PULSE FILTER 
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FIG. B 3  COMPUTER RESET SWITCH 
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FIG. B4 COMPUTER R E S E T  CORRECTION SWITCH 



llll1ll11111lll111l1 I1 I 

-12v 

- - 

TO LOGIC ==20Pf 

I I  I I  

- - 
TO OTHER FILTER - ---- 

.. 

UTC ML-3 UTC ML-3 

REED 
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TRIGGER 
OUTPUT TO 
CHANNEL 01 
DRIVER FL: 

960 cps 
LEFT PULSES 
INPUT 

I RESET I r FLOPS 

OUTPUT TO 
CHANNEL 01 
DRIVER FL! 

1390 cps FLOPS 

RIGHT PULSES TRIGGER 
INPUT 

FIG. B6 VEHICLE STEERING LOGIC CIRCUIT BLOCK DIAGRAM 
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F I G .  B 7  V E H I C L E  S T E E R I N G  L O G I C  C I R C U I T  SCHEMATIC 
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F I G .  B 8  V E H I C L E  S T E E R I N G  DRIVER F L I P - F L O P  SCHEMATIC 

105 



OPEN FOR START ' 

POWER SWITCH 

2 4\ 

i-- 

. 

0 - 2 5 0  OHM SPEED ADJUSTING 
POTENTIOMETERS 

,I,--> - -  - 7 R A E  M6 SHUNT WOUND 
\i > \ 124V M: MOTOR 

155 om FIELD RESISTANCE 
11 OHM ARMATURE RESISTANCE - 

FIG .B 9 VEHICLE DRIVE MOTORS 


